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Abstract
Pseudomonas aeruginosa displays high levels of tolerance and resistance to many 
antimicrobial agents. Much of this tolerance is related to the nature of the Gram-negative 
cell envelope and in particular, the outer membrane. The outer membrane plays an 
important role in excluding harmful molecules from the cell, whilst being selectively 
permeable to other solutes via its implanted proteins (outer membrane proteins or OMPs). 
In order to exert their antibacterial action, antimicrobial agents must enter the cell and 
attain sufficiently high concentrations at their target site(s). The OMPs are highly sensitive 
to environmental changes and have a physiological ability to respond to such changes. It is 
thought that the altered cell envelope structure contributes to the accessibility of 
antimicrobial agents into the cell interior and resistance to such agents is related to over 
expression or loss of certain OMPs.

Brozel and Cloete (1994) observed a gradual increase in tolerance to increasing 
concentrations of biocide upon exposure of P. aeruginosa to Kathon™, a commercial 
biocide containing 1.15% v/v 5-chloro-N-methylisothiazolone (CMIT) and 0.35% v/v N- 
methylisothiazolone (MIT). This adaptation was associated with the concurrent 
disappearance of a 35kDa OMP, designated T-OMP. Therefore, they concluded that the 
biocide entered the sensitive cells via the T-OMP and that the observed resistance was the 
result of the absence of this OMP. The aim of this investigation was to induce tolerance in 
cultures of P. aeruginosa PAOl towards the pure active forms of the three isothiazolone 
biocides 1,2-benzisothiazolone (BIT), MIT, CMIT and the thiol-interactive agent 
thiomersal (used as a positive control).

An increase was observed in the minimum inhibitory concentrations (MIC) of all 
four biocides by at least 58% between the sensitive and resistant cultures. In some cases 
the percentage increase in MIC was in excess of 150%. However, when the tolerant cells 
were removed from the presence of the biocide, the MIC began to decrease, indicating a 
loss in tolerance. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis of the OMP profiles from the tolerant-induced cultures illustrated the loss 
of T-OMP in all cases. Analysis of the sensitive and resistant cultures using two- 
dimensional polyacrylamide gel electrophoresis (2D-PAGE) indicated that the T-OMP 
disappeared in the tolerant cultures. However, these observations also suggested that other 
outer membrane alterations occur concurrently in T-OMP depleted tolerant cells. 
Investigations into the cross-resistance of the resistant cultures towards the other test 
biocides, indicated that resistance was, to some extent, transferable, once it had been 
developed towards one member of the biocide group. Following routine passaging of the 
resistant cultures on gradient plates two distinct colonial morphologies were observed, 
mucoid and non-mucoid. An increase in the cell surface hydrophobicity was noted between 
the mucoid and non-mucoid cultures, which indicated a loss or reduction in the B-band O- 
Polysaccharide. However, there were no observable differences in the lipopolysaccharide 
banding patterns between the mucoid and non-mucoid cells. These observations suggested 
that other alterations were occurring in the tolerant cells upon exposure to biocide, over 
and above the simple disappearance of T-OMP. Therefore, it is suggested that the observed 
tolerant development in biocide exposed cells, was not solely due to the loss of T-OMP. 
Investigations into Gram-negative bacteria isolated from contaminated industrial samples 
preserved with isothiazolone compounds exhibited higher MICs towards the preservative 
biocides than would normally be expected in the species of bacteria isolated and identified. 
However, there were no observable alterations in their OMP profiles.
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Chapter One

Introduction: An Overview o f  Antimicrobial Resistance

Since the discovery of penicillin in 1929 a great variety of antibiotics have been 
developed, for example the aminoglycosides, tetracyclines and the 4-quinolones. These 
discoveries have made it possible to treat diseases such as endocarditis, meningitis, 
tuberculosis and pneumonia (Foley & Gilbert, 1996), and their use has revolutionised 
surgery by preventing post-surgical infections. Soon after the discovery of penicillin it was 
observed that not all bacteria were killed or inhibited by the presence of antibiotics. This 
may be due to either innate resistance (an inbred characteristic), the development of 
acquired resistance or decreased sensitivity towards antimicrobial agents. A decrease in the 
sensitivity of the microorganism towards an antimicrobial agent may result from a 
combination of resistance mechanisms. Resistance may be defined as the ability of the 
bacteria to evade the action of an antimicrobial agent. However, it is probably more 
accurate to define resistance in comparison to the minimum inhibitory concentration 
(MIC) values of the sensitive strains (Chapman, 1998). Sensitivity is defined as the ability 
of the antimicrobial agent to inhibit the growth of or kill bacteria. The method of 
determining the susceptibility of a bacterium to a particular agent is estimated by 
comparing the recently determined MIC of the isolate, to the original MIC of a non
biocide exposed strain of the isolate (Chapman, 1998). An isolate is deemed as resistant, 
when the MIC is significantly higher than that of the sensitive microorganisms, A bacterial 
strain which exhibits an MIC increase of 2- to 5-fold greater than the sensitive strains may 
be deemed resistant. However, this is thought, to be indicative of low level resistance 
(Chapman, 1998). When an antimicrobial agent becomes ineffective against a
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microorganism it is presumed that the microorganism is resistant to the agent. However, 
the microorganism may be demonstrating tolerance rather than resistant towards the 
antimicrobial. It is difficult to accurately determine whether the microorganism is 
displaying decreased sensitivity, tolerance or resistance towards an antimicrobial agent. 
When considering antibiotics the National Committee for Clinical Laboratory Standards 
sets breakpoint MIC values for each antibiotic. Above this value the isolate may be 
classified as resistant. In other words, the bacteria may be deemed resistant in comparison 
to the original isolate or a pool of conspecific sensitive strains (Chapman, 1998). There is 
no regulatory or industrial organisation to determine breakpoint MIC values for biocide 
susceptibility, and there is limited opportunity to characterise pre-treatment isolates, when 
considering a contamination problem (Chapman, 1998). Hence, it is difficult to establish 
whether a microorganism displays tolerance or resistance towards a particular biocidal 
agent (Chapman, 1998). A moderate reduction in the susceptibility will be sufficient to 
cause a failure in the preservation system. However, this may be deemed tolerance rather 
than resistance (Chapman, 1998). A particular isolate demonstrating a high MIC to an 
antimicrobial may have an intrinsically low susceptibility to the agent or may have a truly 
resistant genotype (Chapman, 1998). In order to determine the susceptibility and hence, 
establish if resistance is present in an industrial contaminant, susceptible microorganisms 
without prior biocide exposure may be drawn from culture collections such as ATCC. 
BIT-resistance isolates identified by Chapman et al, (1997) demonstrated levels of 
resistance six- to nine-fold higher than the sensitive pool and were classified as high level 
resistant (Chapman, 1998). A high level of resistance was described as five-fold higher 
than the sensitive isolates in the Chapman (1998) study.

The development of resistance to a wide range of antimicrobial agents is now a 
considerable problem rendering many antimicrobial drugs ineffective. Therefore, in the
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past few years there has been a resurgence of diseases which were previously controlled by 
antibiotics, for example, methicillin resistant Staphylococcus aureus (MRSA), 
vancomycin insensitive Staphylococcus aureus (VISA) and tuberculosis. Resistance to 
antibiotics has been studied for many years. However, resistance to non-antibiotic agents, 
otherwise known as biocides (a collective term for antiseptics, disinfectants and 
preservatives) is less well understood (Russell, 1995). The development of resistance to 
disinfectants and preservatives is not a new phenomenon, strains resistant to quaternary 
ammonium compounds were reported in 1952 (Chapman, 1998). It is unlikely that any 
antimicrobial agent is immune to the development of resistant (Chapman, 1998). 
Resistance may result from a genetic alteration or the acquisition of new genetic material. 
Hancock (1998) described three types of resistance: intrinsic, acquired and genetic. Some 
bacteria have an innate defence mechanism, which prevents the antimicrobial agent 
entering the cell. Thus the antimicrobial agent cannot gain entry to its target site and 
therefore cannot exert antibacterial action. Acquired resistance occurs when bacteria 
develop resistance following exposure to the antimicrobial or through some genetic event. 
Intrinsic resistance comprises the inherent features of the cell responsible for antimicrobial 
resistance, irrespective of exposure towards the agents. Acquired resistance is 
characterised by the induction of unstable resistance without any observable genotypic 
change. This resistance is reversible when the inducing conditions are removed (Hancock, 
1998). Genetic resistance involves the stable acquisition of new genetic information via  

mutation or the acquisition of a drug resistance plasmid (Hancock, 1998). The high use of 
antibiotics particularly in the hospital environment exerts strong selective pressure on the 
microbial population to develop antimicrobial resistance (Brown, 1999).

One recent example of how the use of biocidal agents may lead to the development 
of resistance towards antibiotics is exampled with triclosan. Triclosan is an antimicrobial
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which has been used for more than thirty years, it is routinely added to hand soaps, tooth 
pastes, cosmetics and plastic kitchenware (Levy e t  a l , 1999). Triclosan has been shown to 
inhibit lipid synthesis in E . c o l i  by specifically inhibiting the enzyme enoyl-acyl carrier 
protein reductase, which is involved in fatty acid elongation (Levy e t  a l , 1999; McMurray 
e t  a l , 1998). Resistance in E . c o l i  towards triclosan is conferred by a single amino-acid 
substitution in the enoyl-reductase enzyme. It has been discovered that the three 
substitutions affect residues that come into direct contact with triclosan. This will lead to a 
dramatic increase in the binding of triclosan (Levy e t  a l , 1999). The InhA protein in 
M y c o b a c t e r i u m  s m e g m a t i s  is an enoyl reductase and is 35 % identical to the E . c o l i  

enzyme (McMurray e t  a l , 1999). The mutated residues of M . s m e g m a t i s  are situated close 
to the NADH cofactor and putative acyl substrate binding site (like those of the FabI of 
triclosan resistant E . c o l i ;  McMurray e t  a l , 1999). This supports the theory that InhA is the 
triclosan target site. It is possible that triclosan may covalently bind to the NADH, which 
is the mode of action of the antibiotic isoniazid, an antituberculosis agent (McMurray e t  a l ,

1999). Resistance to isonazid occurs because of reduced binding of NADH to the enzyme 
enoyl reductase (Rozwarski e t  a l , 1999). An alternative suggestion is that the triclosan 
non-covalently binds the protein and interferes with optimal binding of NADH or fatty 
acyl substrate in the active site (McMurray e t  a l , 1999). The resistant mutants would 
therefore, be unable to bind triclosan.

I n t r i n s i c  R e s i s t a n c e  t o  A n t i m i c r o b i a l  a g e n t s

Intrinsic resistance is defined as a natural or innate property of the bacterial cell 
that enables it to evade the action of the antimicrobial agent. This phenomenon is more 
greatly pronounced in the Gram negative bacteria, mainly due to the nature of their cell 
envelope structure, than in Gram positive bacteria. However, exceptions to this do occur,
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for example, chlorine is more active against P . a e r u g i n o s a  and P r o t e u s  m i r a b i l i s  than 
against S t a p h y l o c o c c u s  a u r e u s  (Russell, 1992a; Trueman, 1971). The Gram negative 
envelope provides a selectively permeable barrier. The hydrophilic outer membrane 
excludes hydrophobic antimicrobial agents from the cell. Whilst the outer membrane 
proteins create an exclusion limit (only allowing hydrophobic molecules up to a molecular 
weight of 600Da into the interior) (Denyer, 1995). This limits the entry of biocides into the 
cell interior and consequently its target site (Russell, 1995). Antimicrobial agents which 
exert their effect by inducing metabolic or structural lesions in the cytoplasmic membrane 
are noted as being less active against Gram negatives (Russell, 1992a; Hugo, 1967).

Intrinsic resistance is also observed in Gram positive bacteria, the most notable 
examples are the spore forming genera B a c i l l u s  and C l o s t r i d i u m .  The bacterial spore is 
resistant to concentrations of antimicrobial agents, which would normally kill the bacterial 
cell. However, at higher concentrations the antimicrobial agent may demonstrate sporicidal 
activity (Russell, 1995). For example, freshly prepared hypochlorite solutions demonstrate 
a rapid sporicidal action (Cook & Pierson, 1983). Intrinsic resistance in mycobacteria is 
thought to be intermediate between sporing and non-sporing bacteria (Russell, 1995). This 
is thought to be associated with the cell wall structure providing a physical and functional 
barrier, similar to that found in the Gram negative cell envelope structure (Russell, 1995). 
The cell walls possess a high lipid content, which is thought to be connected to the 
intrinsic resistance. The lipids in the wall have an organised structure with hydrocarbons 
set perpendicular to the cell wall plane, hence acting as a barrier to hydrophilic biocides 
and antibiotics (Russell, 1995).
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I n t r i n s i c  R e s i s t a n c e  o f  P s e u d o m o n a s  a e r u g i n o s a

The intrinsic resistance demonstrated by P . a e r u g i n o s a  to various antimicrobial 
agents is thought to be largely due to the low permeability rate of the outer membrane of 
the Gram negative cell envelope (Nikaido, 1992). P . a e r u g i n o s a  exhibits a number of 
features distinctive from the enterobacteria. These features significantly increase resistance 
to a variety of antimicrobial agents. For example, wild type P .  a e r u g i n o s a  cells have a 12- 
fold decreased permeability to 13-lactams antibiotics in comparison to E . c o l i  and a 
subsequently higher resistance to hydrophilic antibiotics (Hancock, 1984). The primary 
reason for the intrinsic resistance in P . a e r u g in o s a ,  is the low permeability of the outer 
membrane to a variety of hydrophilic substances (Russell, 1992a; Angus, e t  a l , 1982; 
Yoshimura & Nikaido, 1982; Nicas & Hancock, 1983). In addition to this, the Gram 
negative cell demonstrates general resistance to hydrophobic antimicrobials, due to the 
presence of the lipopolysaccharide (LPS) in the outer membrane (Helander & Mattila- 
Sandholm, 2000). The exclusion limits for the outer membrane proteins are significantly 
greater than in enterobacteria (Decad & Nikaido, 1976), excluding molecules with a 
molecular weight greater than 600Da (Nikaido, 1992). Many bacteria have the ability to 
produce polysaccharide capsules, which are important during the establishment of invasive 
infections and evading the patient’s immune defences. P . a e r u g i n o s a  produces a capsule
like exopolysaccharide, sometimes called alginate, which is thought to be of particular 
importance in patients suffering from cystic fibrosis (Hacker, 1999). Bacteria have a 
number of individual cell structure characteristics, which helps to evade the action of 
antimicrobial agents. The bacteria can also exist as a biofilm formation. A bacterial 
biofilm is a structured community of cells encased in a polymeric glycocalyx, which 
allows the community to survive in hostile environments and demonstrate greater
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resistance towards antimicrobial agents than sessile bacteria (Costerton e t  a l , 1999; Ayres 
e t  a l ,  1998).
A c q u i r e d  R e s i s t a n c e  t o  A n t i m i c r o b i a l  A g e n t s

Acquired resistance occurs when resistant strains emerge from previously sensitive 
strains. This results from a genetic change occurring either by mutation or by the 
acquisition of genetic material in the form of a plasmid or transposons from another cell 
(Russell, 1995). Alternatively, this can result from the bacterial cell adapting to changes in 
the external environment, and often exploiting some innate defence mechanism.

G e n e t i c  R e s i s t a n c e  a n d  M u t a t i o n :  a d a p t a t i o n ,  e x c h a n g e  a n d  r e c o m b i n a t i o n

The natural existence of efficient horizontal gene transfer between bacteria, and the 
plasticity of the bacterial genome allows exchanged genetic material to become 
incorporated into its own genome. This in turn constitutes a prominent role in bacterial 
evolution (Mitsuhashi, 1993). Genetic variation in bacteria proceeds at a rapid rate, 
especially in the development of resistance to antibiotics. The selection process for the 
resistant strains has been amplified as a result of intensive and multiple use of antibiotics 
(Son e t  a l ,  1997).

T h e  G e n e t i c  B a s i s  o f  D r u g  R e s i s t a n c e

Intrinsic resistance is the bacteria’s innate defence mechanism and is expressed by 
the chromosomal genes. Whereas, acquired resistance results from a mutation or the 
acquisition of new genes from plasmids and transposons. Acquired resistance is of 
particular importance in the clinical situation. For example, strains of S t a p h y l o c o c c u s  

a u r e u s  demonstrate resistance to a variety of antibiotics, eg: methicillin. The spread of 
methicillin-resistant S t a p h y l o c o c c u s  a u r e u s  (MRSA) is a problem in the hospital
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environment particularly when considering invasive procedures such as, indwelling 
vascular lines or surgery (Brown, 1999). Resistance can be conferred by the genes 
resident in the host cell and transferred by plasmids or transposons (Mitsuhashi, 1993). 
Plasmids are now considered to have greater importance in resistance to non-antibiotic 
antimicrobial agents. For example, numerous reports have linked resistance to 
chlorohexidine and the quaternary ammonium compounds to the presence of plasmids 
(Russell, 1997). It is not thought that plasmids confer a great reduction in the susceptibility 
of Gram negative bacteria to biocides in comparison to intrinsic resistance mechanisms 
(Russell, 1997).

B iochem ical mechanism o f  A ntibiotic R esistance

There are a variety of mechanisms of biochemical resistance that are exhibited by 
bacteria. For a bacteria to acquire resistance to a particular antibiotic several of these 
mechanisms must be operative, especially in the Gram negative bacteria whereby the slow 
permeability of the outer membrane and the subsequent inactivation may participate 
(Nikaido, 1988).

The inactivation of antibiotics is significant in intrinsic resistance to 6 -lactam 
antibiotics, whereby the conversion of an active agent to an inactive agent is catalysed by 
enzymes produced by the bacteria. Many biochemically distinct 6 -lactamases have been 
reported in Gram-negative bacteria (Paul et al, 1997). The 6 -lactamases are responsible for 
resistance to 6 -lactams. Attempts have been made to develop 6 -lactam antibiotics which 
are not inactivated by these enzymes. However, there has been little success with the 
penicillin family, although cephalosporins and cephamycins compounds have been 
developed that resist hydrolysis by 6 -lactamases (Paul et al, 1997).
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Modification of the target site is accompanied by decreased sensitivity to the 
antimicrobial. Resistance to the antimicrobial agent is observed whilst the target site 
retains its physiological function, for example, acquired resistance to the quinolones. 
Alternatively the biochemical mechanism of the bacterial cell may be modified by the loss 
of cell permeability to antimicrobial agents. For example, acquired resistance to the 
tetracycline, where Gram-positive and Gram-negative bacteria demonstrate decreased 
cellular accumulation of the antibiotic. The acquired resistance to trimethoprim is a result 
of the overproduction of the target site, therefore, a greater concentration of the 
antimicrobial agent would be required to exert bactericidal effects. The final mechanism of 
biochemical resistance is the absence of an enzyme or metabolic pathway; this is 
associated with the intrinsic resistance to a variety of antibiotics (Rattan, 1999).

C e l l  E n v e l o p e  S t r u c t u r e  o f  P s e u d o m o n a s  a e r u g i n o s a

P .  a e r u g i n o s a  PAOl Holloway 1C Stanier 131 (NCLMB 10548, ATCC 15692) was 
isolated from an infected wound by P.J. Stewart. It is characterised as a phage host and is a 
FP- recipient and its optimum growth temperature is 37°C. P .  a e r u g i n o s a  is considered to 
be highly resistant to a variety of antimicrobial agents. For example P . a e r u g i n o s a  

demonstrates tolerance levels to quaternary ammonium compounds and to chlorhexidine 
acetate (CHA) than other Gram negative bacteria (Russell, 1995). This resistance is 
thought to be related to the nature of the P s e u d o m o n a s  Gram negative envelope. The Gram 
negative cell envelope is a complex structure comprised of two membranes, the outer 
membrane (OM) and inner or cytoplasmic membrane (CM), separated by a layer of 
peptidoglycan (the cell wall) and the periplasmic space (Figure 1). The outer membrane is 
a highly specialised structure 6  to 1 0  nm thick, providing a physical and functional barrier 
to the external environment (Mayer, 1999; Hancock, 1984). It excludes harmful molecules
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from the cell, for example, hydrophobic antibiotics. This is due to the highly charged 
bacterial surface which is stabilised by divalent cations, whilst being selectively permeable 
to other solutes via  it's implanted proteins (outer membrane proteins; OMPs) (Rocchetta et 

al, 1999; Osborn & Wu, 1980; Nikaido & Vaara, 1985; Hancock et al, 1990). The outer 
membrane is a bilayered structure and is chemically distinct from other biological 
membranes, due to the presence of the lipopolysaccharide (LPS), a unique molecule not 
found elsewhere in nature (Russell, 1992a). Upon initial electron micrograph studies the 
outer membrane appears similar to the cytoplasmic membrane. However, its biochemical 
composition is considerably different (Russell, 1992a). It contains less phospholipids and 
fewer types of proteins than the CM and the LPS. The outer leaflet is comprised of 
bacterial lipopolysaccharide and proteins, whilst the inner leaflet resembles the 
cytoplasmic membrane containing phospholipids and proteins
(Hancock, 1984). The layers of the membrane are extremely asymmetrical adding to these 

unusual properties, (Sleytr & Messner, 1983).
LPS is an ampihilic molecule consisting of three portions, a lipid, (lipid A, an 

endotoxin), a short series of core sugars and a long carbohydrate chain, (the O antigen) 
(Neidhardt et al, 1990). Lipid A comprises the hydrophobic interior region, it secures the 
LPS in the outer membrane and is linked to the O-antigen by the core oligosaccharide 
(Rochetta et al, 1999). It is an unusual glycoprotein because the fatty acids attached to the 
disaccharides are 14 carbons long instead of 16 or 18. It is the most highly conserved part 
of the LPS reflecting its role in anchoring the LPS to the outer membrane leaflet 
(Hammond et al, 1984). Lipid A has typically 5 or 6  fatty acids linked to the 
diglucosamine phosphate with a covalently attached rough oligosaccharide core containing 
an unusual sugar, 3-deoxy-D-manno-octulosonic acid (KDO) (Rocchetta et al, 1999; 
Hancock, 1984). The KDO contributes a structural unit and strongly binds divalent cations
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(Rocchetta et al, 1999;). In addition to this, a variety of heptose and hexose sugars are 
present (Rocchetta et al, 1999; Hancock, 1984). The rough oligosaccharide may be 
substituted with a number of repeated tri- to penta-saccharide units called the O antigen 
(Hancock, 1984). This creates a hydrophilic chain that extrudes from the bacterial surface 
and is highly effective in excluding hydrophobic compounds from the cell (Rocchetta et al,

1999). The LPS carries a net negative charge and anchors the outer membrane by binding 
to the implanted proteins. This binding occurs either via  hydrophobic interactions with 
Lipid A or by noncovalent cross-bridging of adjacent LPS molecules with divalent cations 
(Rocchetta et al, 1999; Hancock, 1984). When Gram negative cells are treated with 
ethylenediaminetetraacetate (EDTA), chelation of the divalent cations occurs resulting in 
the subsequent disruption of the outer membrane (Hancock, 1984). The lipid nature of the 
outer membrane excludes hydrophilic compounds, this property is considered to account 
for the intrinsic resistance of P. aeruginosa  to a wide range of antimicrobial agents 
(Rocchetta et al, 1999; Hammond et al, 1984; Hancock, 1984). However, the low 
permeability of the outer membrane could pose a problem in transporting nutrients into the 
cell, therefore the outer membrane has special channels consisting of proteins (the outer 
membrane proteins; OMPs; porins) which allow the passive diffusion of hydrophilic 
compounds into the cell (Nikaido, 1992). For example, Pho D  transports glucose across 
the outer membrane in Pseudomonads (Kramer, 1999). It is thought that some 
antimicrobial agents enter the bacterial cell via a hydrophilic pathway utilising the OMPs 
(Rocchetta e t al, 1999; Nikaido & Nakae, 1979).

Outer membrane proteins (OMPs) are water-filled pores set transversely across the 
lipid bilayer, which allow the entry of low molecular weight hydrophilic compounds into 
the cell (Rocchetta et al, 1999). The molecular weight exclusion limits of the OMPs vary 
between organisms. P. aeruginosa excludes compounds with a molecular weight greater
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than 600 Daltons (Mayer, 1999; Hancock, 1984). The OMPs are synthesised as preproteins 
on polysomes situated on the inner side of the cytoplasmic membrane. They are 
translocated across the membrane with a chaperone molecule at which point, they are 
converted into mature proteins by Peptidase I (Benz, 1988). An internal stop-transfer 
signal indicates the exact orientation of the OMP and also results in multiple looping of the 
protein across the outer membrane with several separate 13-sheets (Benz, 1988). The 
channel-type proteins in the outer membrane can be divided into three classes, the general 
OMPs, the more or less specific OMPs and the active transport mechanisms related to the 
OMPs (Nikaido, 1992). The expression of the general proteins is regulated by a two- 
component system (classified as osm) which is sensitive to the osmolarity of the external 
environment. The expression of the specific proteins is different and can be reduced by 
cerulenin, which inhibits the production of fatty acids and hence, reduces LPS synthesis. 
Therefore, the expression of OMPs C and F can be correlated with the synthesis of LPS 
(Nikaido, 1992). The solute specificity in relation to specific OMPs may be due to the 
presence of ligand-binding sites in the channel, for example, the LamB  outer membrane 
protein in E. coli which increases the influx of maltose into the periplasm (Kramer, 1999). 
Maltose is accepted by the specific binding protein-dependent uptake system (Kramer, 
1999). Examples of active transport systems related to porins include uptake systems for 
iron chelators and vitamin B12. The systems are energised by conformational coupling to 
the plasma membrane through proteins spanning the periplasm (Kramer, 1999).

The major porin of P. aeruginosa  (OMP F) forms a substantially larger channel 
than those found in enteric organisms. However, its activity is substantially lower and it is 
estimated that only 0.2 to 1% of the porin forms an open channel (Angus et al, 1982; Nicas 
& Hancock, 1983). P. aeruginosa  is observed to demonstrate only between 1 to 5% the 
permeability of E. coli to the 13-lactams (Rocchetta et al, 1999) and a general permeability
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of 100 to 500 times lower than that observed in E. coli (Wylie & Worobec, 1995). This 
lower permeability has been attributed to the unusual channel-forming properties of the 
OMP F (Wylie & Worobec, 1995), which may be due to either heterogeneity in channel 
formation or inefficient channel architecture (Hancock, 1998). This may account for an 
enhanced impermeability of P. aeruginosa  to antimicrobial agents (Rocchetta et al, 1999). 
The diffusion rate of hydrophilic compounds is proportional to the area of water available 
in the water filled OMP and therefore, the uptake rate of hydrophilic compounds is 
reduced (Hancock, 1984). The OMPs are small enough such that hydrophobic compounds 
would come into contact with the polar wall and be excluded from the cell. A small 
number of 'major' proteins anchor the outer membrane to the underlying peptidoglycan 
using two types of interactions. The most important interaction involves the outer 
membrane lipoprotein known as Braun's lipoprotein. About one third of the lipoprotein 
molecules are covalently linked to the peptidoglycan layer (Neidhardt et al, 1990). The 
other type of interaction (non-covalent) is a tight association between the OMPs and 
peptidoglycan layer (Neidhardt et al, 1990). The cell wall peptidoglycan is less substantial 
than in the Gram positive cell wall and less closely associated with the cytoplasmic 
membrane (Figure 1; Hammond et al, 1984). However, the peptidoglycan layer is not a 
thin layer. It forms a loosely organised three-dimensional network filling the entire 
periplasmic space (Beveridge, 1995). Bayers proteins connect the outer membrane to the 
cytoplasmic membrane. The periplasmic space or periplasm constitutes approximately 20 
to 40 % of the cell volume (Beveridge, 1995). The periplasm is thought to be a highly 
hydrated gel-like matrix containing a variety of proteins (Beveridge, 1995). The 
peptidoglycan layer is no longer thought to be a thin-layer, but a loosely organised three- 
dimensional network that appears to almost fill the periplasmic space (Beveridge, 1995).
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The inner or cytoplasmic membrane is essentially a phospholipid bilayer 
containing a variety of polypeptides (Hancock, 1984). The cytoplasmic membrane acts as 
a barrier towards hydrophilic or charged molecules. However, even moderately 
hydrophobic molecules can cross the lipid bilayer (Hancock, 1984).

The Gram Positive Cell Wall

The most striking difference between the Gram positive and Gram negative cell 
wall is that the Gram positive wall lacks an outer membrane and has a substantially thicker 
peptidoglycan layer. The thick peptidoglycan sacculus is located directly outside the 
cytoplasmic membrane, it is covalently linked to the polymer teichoic acid. Teichoic acids 
are polyhydric alcohol phosphates, often with side-chains of oligosaccharide units and 
ester-linked D-alanine residues. In addition, teichuronic acid and lipoteichoic acids may be 
present in which a glycerol teichonic acid is linked to a glycolipid. This enables the 
molecule to become linked to the cytoplasmic membrane, the hydrophilic part reaches into 
the cell wall (Mayer, 1999).

Physiological (Phenotypic) Adaptation o f the Gram Negative Cell Envelope Structure

Following exposure to antibiotics, bacteria are physiologically damaged. The cell 
size distribution of a bacterial population may be significantly reduced even when the 
viable count is increasing at a normal rate (Hostacka & Karelova, 1997a). Intrinsic 
resistance can be exploited by the ability of the bacteria to adapt to its external 
environment. The cell envelope structure demonstrates high levels of plasticity, constantly 
interacting with its external environment and hence, providing a survival mechanism 
(Gilbert et al, 1987). Alterations in cell envelope components such as phospholipids, fatty 
acids, metal cations, envelope-associated proteins and enzymes, are notably accompanied
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by growth rate changes and / or nutrient limitation (Gilbert et al, 1987). Such phenomena 
can alter bacterial susceptibility to antimicrobial agents (Brown & Williams, 1985). The 
susceptibility of bacteria to antibiotics and biocides is significantly affected by nutrient 
limitation (Gilbert, 1988), reduced growth rate (Brown & Williams, 1985), temperature, 
pH and exposure to sub-effective concentrations of antimicrobial agents (Foley & Gilbert, 
1996).A wider stress response may be observed during these conditions resulting in 
increased susceptibility towards antimicrobial agents. This is thought to be the expression 
of intrinsic resistance brought on by external environmental conditions (Russell, 1995) and 
is of greater significance when considering sessile microorganisms.

Outer Membrane Proteins and Associated Resistance

The OMPs are thought to participate in the observed intrinsic resistance that P. 

aeruginosa demonstrates to a wide variety of antimicrobial agents. It is suggested that P. 

aeruginosa contains fewer trimeric OMPs (non-specific OMPs) than are found in enteric 
bacteria, but instead contains many specific OMPs (Wylie & Worobec, 1995). Therefore, 
the diffusion rate of solutes into and out of P. aeruginosa is greatly reduced, because the 
entry of compounds into the cell is more restricted (Nikaido, 1992). P. aeruginosa 

possesses only one non-specific OMP, OMP F, which is thought to be a homologue of the 
OMP A found in E. coli. (Sugawara et al, 1996). OMP F, like OMP A of E. coli has a very 
slow diffusion rate. It is thought that many molecules gain access across the outer 
membrane of P. aeruginosa via specific proteins. Therefore, resistance to certain 
antimicrobial agents is often associated with a specific channel or OMP (Nikaido, 1992).

The fluoroquinolones were developed as a group of antibiotics clinically effective 
against Pseudomonas aeruginosa (Hostacka et al, 1995). However, resistance in clinical 
isolates to the fluoroquinolones was reported by Diver et al, in 1991. Investigations have
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indicated that alterations in DNA gyrase or cell permeability, are associated with 
decreased susceptibility to the fluoroquinolones (Hostacka et al. 1995). The nfxB, nfxC and 
nalB mutations are connected with decreased outer membrane permeability and have the 
unusual presence of 54, 50 and 49 kDa outer membrane proteins respectively (Hostacka et 

al, 1995). However, Chamberland et al, (1990) reported that the appearance of the 54 kDa 
protein was not associated with fluoroquinolone resistance in clinical isolates. The 
overproduction of Opr M (49 kDa) was observed to be associated with multidrug nalB 

mutants (Gotoh et al, 1994). It was suggested that Opr M plays an important role in both 
intrinsic and acquired resistance in P. aeruginosa and that the nalB mutant is thought to 
endow quinolone and 13-lactam resistance, as a result of a decreased outer membrane 
permeability. Therefore, this system prevents the accumulation of the antimicrobial agents 
in P. aeruginosa (Gotoh et al, 1994).

In a study carried out by Hostacka and Karelova (1997a) OMP profiles of P. 

aeruginosa, when compared to controls, were found to be unaffected by sub-inhibitory 
concentrations of the antibiotic amikacin. This contradicts a previous study where an 
overproduction in the 41 kDa protein and a reduction in the 23 and 45 kDa proteins was 
observed following exposure to norfloxacin (Hostacka & Karelova, 1997b).

Few antimicrobial agents are now thought to be effective against P. aeruginosa 

these include carbapenems and quinolones. However, a number of clinical isolates have 
demonstrated resistance to the quinolones (Masuda et al, 1995). This resistance has been 
associated with gyrA and nalB mutations. The nalB mutation infers cross-resistance to a 
variety of agents including the quinolones, cephens (for example, cefsulodin, ceftazidime 
and cefoperazone), carbenicillin and chloramphenicol and is associated with the 
overproduction of an OMP with a molecular mass of 49 kDa (Opr M) (Masuda et al,

1995). The overproduction of Opr J has also been associated with cross-resistance in P.
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aeruginosa  to  the n e w  cephens ( fo r  e x a m p le , c e fp iro m e  a n d  c e fo zo p ra n ) and the 

q u in o lo n e s  (M a s u d a  et al, 19 9 5 ). T h e  n e w  cephens h a v e  a p o s itiv e ly  charged su bstitu tio n  

at p o s itio n  C - 3  and a n e g a tiv e ly  ch arg e d  c a rb o x y l g ro u p  at p o s itio n  C - 2 . W h e re a s the o ld  

cephens posses an a dd itio n a l n e g a tiv e  charge in  the su b s titu tio n  at p o s itio n  C - 7  (M a s u d a  et 

al, 1 9 9 5 ). T h e  fu n c tio n  w a s n o t p r e v io u s ly  id e n tifie d , h o w e v e r , it  is p ro b a b ly  associated 

w ith  an a lte ra tio n  in  e fflu x  transp o rt o f  the n e w  cephens a n d  q u in o lo n e s due to this 

associatio n w it h  it's o v e rp ro d u c tio n  and cross resistance to  these agents (M a s u d a  et al,

19 9 5 ).

P. aeruginosa  cells resistant to p o ly m y x in  B  illu strate an increased le v e l o f  the 

O M P  H I  and a subsequent decrease in  cell e n v e lo p e  M g ^ +  c o n c e n tra tio n . T h is  indicates 

that the H I  p ro te in  is replaced b y  M g 2 +  at the L P S  M g ^ +  cross b rid g in g  site. T h is  is the 

p ro p o se d  site o f  in te ra c tio n  w ith  the p o ly m y x in  B ,  a m in o g ly c o s id e s  and E D T A .  T h e r e fo r e , 

th is , m a y  e x p la in  the o b se rve d  increase in  cross-resistance b e tw e e n  the a m in o g ly c o s id e  

a n tib io tic s an d  E D T A  (H a n c o c k , 1 9 8 4 ). E v id e n c e  to  su p p o rt this th e o ry  w a s p ro v id e d

w h e n  w ild -ty p e  cells g r o w n  in  M g 2 +  d e fic ie n t m e d iu m  d e v e lo p e d  a p o ly m y x in  resistant

p h e n o ty p e . U p o n  a d d itio n  o f  M g ^ +  to  the m e d iu m  the e ffe c t w a s  re versed  and the w ild -  

ty p e  p h e n o ty p e  w a s  fo u n d  to b e  present (H a n c o c k , 19 8 4 ).

D u r in g  c o n d itio n s o f  iro n  d e p riv a tio n  the m a jo r ity  o f  G r a m -n e g a tiv e  bacteria 

p ro d u c e  b e tw e e n  3 and 9 e xtra  O M P s , these are te rm e d  iro n -re p re s sib le  o u te r m e m b ra n e  

p ro te in s ( I R O M P ;  H a n c o c k  et al, 19 9 0 ). T h e  I R O M P s  are th o u g h t to act as receptors fo r  

the b in d in g  o f  c o m p le xe s  o f  iro n  w it h  specific c o m p le xe s  c a lle d  sid e ro p h o re s, w h ic h  are 

c o m m o n ly  associated w ith  bacteria d u rin g  iro n  sta rva tio n  (H a n c o c k  et al, 1 9 9 0 ). O th e r  

O M P s  are associated d u rin g  p e rio d s o f  nu trie n t lim ita tio n . F o r  e x a m p le , O p r  P  is o n ly  

o b se rve d  d u rin g  p e rio d s o f  g ro w th  in  p h o s p h a te -lim ite d  c o n d itio n s  o f  0 .1 5 M  o r less 

(H a n c o c k  et al, 19 9 0 ).
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Uptake across the Outer Membrane

The Hydrophilic Pathway

H y d r o p h ilic  c o m p o u n d s  g a in  e n try  across the o u te r m e m b ra n e  via the w a te r fille d  

O M P s  ( F ig u r e  2 : K r a m e r , 19 9 9 ). T h e  O M P s  in  E. co li  consist o f  trim e ric  c o m p le xe s o f  

id e n tic a l su bu nits w ith  m o le c u la r m asses o f  a p p ro x im a te ly  35 k D a  and a channel diam eter 

o f  l n m  ( N ik a id o  &  S a ie r, 19 9 2 ). P. aeruginosa  appears to c o n ta in  o n l y  o n e  trim e ric 

(s p e c ific ) O M P ,  w h ic h  is th o u g h t to  be a h o m o lo g u e  o f  O M P  A  o f  E. coli  ( N ik a id o , 19 9 2 ). 

T h e  rate o f  u p ta ke  is d e te rm in e d  b y  the channel s ize  and io n ic  s e le c tiv ity  re la tive  to the 

s ize  and charge o f  the c o m p o u n d , in  a d d itio n  to  the to ta l n u m b e r o f  a va ila b le  channels pe r 

cell ( H a n c o c k , 1 9 8 4 ). T h e  O M P s  are w a te r fille d  channels w ith  ch arged a m in o -a c id  

re sidu e s, hence the passage o f  solutes is a fu n c tio n  o f  the in trin sic  v is c o s ity  o r the 

h y d r o p h o b ic ity  o f  the p e rm e a tin g  m o le c u le  ( H a n c o c k , 1 9 8 4 ).

T h e  m a jo r O M P  ( O M P  F )  o f  P. aeruginosa  is suggested to h a v e  su bstan tia lly 

greater m a x im a l e x c lu s io n  lim its th a n  those fo u n d  in  E. coli. ( B e llid o , 1 9 9 2 ). H o w e v e r , it 

has b e e n estim ated that o n ly  0 .2  to  1 %  o f  the c h an ne l has a fu n c tio n a l ro le  ( H a n c o c k , 

1 9 8 4 ). T h e  d iffu s io n  rate o f  the h y d ro p h ilic  c o m p o u n d  is p ro p o rtio n a l to the a va ila b le  area 

o f  the w a te r -fille d  c h an n e l, w it h  a large p ro p o rtio n  o f  the channel n o t p la y in g  a fu n c tio n a l 

ro le , the u p ta ke  o f  the h y d ro p h ilic  c o m p o u n d  is re d u c e d  (H a n c o c k , 1 9 8 4 ).

The Hydrophobic Pathway

T h e  h y d ro p h o b ic  p a th w a y  is in e ffe c tiv e  in  G r a m -n e g a tiv e  b acte ria  in  c o m p a riso n  

to  the G r a m -p o s itiv e  bacterial cell (F ig u r e  2 ; H a n c o c k , 1 9 8 4 ). T h is  is due to the nature o f  

the o u te r m e m b ra n e . V a r io u s  lip id  b ila ye rs a llo w  the p assive  u p ta k e  o f  h y d ro p h o b ic  

c o m p o u n d s  in to  the cell in te rio r. H o w e v e r , the o u te r m e m b ra n e s o f  m a n y  w ild  ty p e  G r a m
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n e g a tiv e  b a c te ria , in c lu d in g , Salmonella typhimurium  a nd  Escherichia, coli  are n o t th o u g h t 

to a llo w  the passage o f  h y d ro p h o b ic  m o le c u le s ( H a n c o c k , 1 9 8 4 ). T h is  absence o f  a 

h y d ro p h o b ic  p a th w a y  p ro m o te s resistance to w a rd s  h y d ro p h o b ic  a n tim ic ro b ia ls , fo r  

e x a m p le , a c tin o m y c in  D  (H a n c o c k , 19 8 4 ). It  is suggested that the c o m b in e d  effects o f  

d iv a le n t ca tio n  b rid g in g  o f  lip o p o lysa c c h a rid e  ( L P S )  m o le c u le s and the h ig h -s u rfa c e  

n e g a tiv e  ch arg e s, result in  this apparent absence o f  the h y d ro p h o b ic  p a th w a y  (H a n c o c k ,

1 9 8 4 ).

Biofilm s and Resistance to Antim icrobial Agents

It  is g e n e ra lly  fre q u e n tly  o b se rve d  that b acte ria  p resent in  a b io film  are less 

se nsitive to ch e m ic a l a n tim ic ro b ia ls and a n tib io tic s th a n  th e ir c o rre s p o n d in g  p la n k to n ic  

cells (D a s  et al, 19 9 8 ; R u s s e ll, 19 9 5 ; B r o w n  &  G ilb e r t , 19 9 3 ). " A  b io film  consists o f  

fu n c tio n a l co n s o rtia  o f  m ic ro o rg a n is m s  associated w it h  a su rface , and e m b e d d e d  w ith in  an 

o fte n  e x te n s iv e  e x o p o ly m e r  m a trix  o f  g ly c o p ro te in s  and p o ly s a c c h a rid e ,, (G ilb e r t  &  

B r o w n , 1 9 9 5 ). B io film s  are w id e s p re a d  in  n a tu re , an d  p ro b le m a tic  in  in d u s try  creating 

m a n y  o p e ra tio n a l p ro b le m s  o fte n  resistant to  agg ressive tre atm e n t re g im e n s ( W o o d  et al,

19 9 6 ). It  is suggested that this o b se rve d  increased resistance is associated w ith  the 

presence o f  h ig h ly  h y d ra te d  p o ly a n io n ic  m atrices o f  e xtra c e llu la r p o ly m e ric  substances, 

the g ly c o c a ly x  ( W o o d  et al, 19 9 6 ). T h e  cells g r o w in g  at the surface o f  the b io film  are 

encased in  the g ly c o c a ly x  w h ic h  act as a b a rrie r p ro te c tin g  the cells fr o m  a n y  

a n tim ic ro b ia l agent ( W o o d  et al, 19 9 6 ). T h re e  m e c h a n is m s are th o u g h t to  p ro v id e  the 

b io film  w ith  enhanced m ic ro b ia l resistance. T h e  firs t is the fa ilu re  o f  the a n tim ic ro b ia l 

agent to penetrate the b io film  due to the presence o f  p o ly m e r ic  substances, w h ic h  m a k e  u p  

the b io film  m a tr ix . (C o s te rto n  et al, 19 9 9 ). T h e  se cond h yp o th e sis is related to n u trie n t 

lim ita tio n . It  is k n o w n  th a t som e cells e x h ib it n u trie n t lim ita tio n  and are, th e re fo re , fo u n d
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in  a s lo w -g r o w in g  o r n o n -g r o w in g  state. C e lls  in  this state are less susceptible to 

a n tim ic ro b ia l agents (C o s te rto n  et al, 19 9 9 ). T h e  th ird  m e c h a n is m  suggests that certain 

cells d is p la y  a d is tin c tiv e  and p ro te c tive  b io film  p h e n o ty p e  (C o s te rto n  et al, 19 9 9 ). T h is  

m e c h a n is m  does n o t in fe r a transp o rt lim ita tio n  lik e  th e  o th e r tw o  m e c h a n is m s , b u t im p lie s 

the re d u c e d  su sc e p tib ility  is g e n e tic a lly p ro g ra m m e d  (C o c h r a n  et al, 2 0 0 0 ). A  great 

d iv e r s ity  o f  m ic ro o rg a n is m s  are fo u n d  in  n a tu ra lly  o c c u rrin g  b io film s . Interactions 

b e tw e e n  m ic ro b e s d u rin g  the fo rm a tio n  o f  the b io f ilm  can a ffe c t its fo rm a tio n , o fte n  

re s u ltin g  in  a th ic k e r a n d  m o re  stable structure. T h is  c a n , in  tu rn , result in  greater 

resistance to a n tim ic ro b ia l agents (S k illm a n  et al, 19 9 9 ).

Hydrophobicity D ifferences in Relation to the Passage o f  Antim icrobial Agents across the 

Outer M embrane

T h e  cell surface o f  s m o o th  G r a m  n e g a tiv e  b ac te ria  has a h y d ro p h ilic  n a tu re , w h ic h  

is re spo n sib le  fo r  the o b se rve d  resistance to h y d ro p h o b ic  a n tim ic ro b ia ls . W ild -ty p e  ro u g h  

m u ta n ts , w h ic h  h a v e  an absence o f  heptose te nd  to  b e  m o re  h y d ro p h o b ic  and th e re fo re , 

m o re  p e rm e a b le  to h y d ro p h o b ic  a ntim ic ro b ia ls (R o c c h e tta  et al, 19 9 9 ).

In ve s tig a tio n s  in to  m u tan ts o f  Escherichia co li  and Salm onella typhimurium ,  w h ic h  

w e re  d e fe c tiv e  in  lip o p o lysa c c h a rid e s ( L P S )  and / o r o u te r m e m b ra n e s , illustrated 

increased s e n s itiv ity  to h y d ro p h o b ic  drugs and b io c id e s . T h e y  also dem onstrate enhanced 

u p ta k e  o f  g entian v io le t , a h y d ro p h o b ic  d y e , and greater s u s c e p tib ility  to E D T A  (H a n c o c k , 

1 9 8 4 ). It  is th o u g h t that the heptose-less m u ta n t fo rm s  are m u c h  m o re  h y d ro p h o b ic  due to 

p h o s p h o lip id  b ila y e r patches in  the o u te r m e m b e r (S m it  et al, 1 9 7 5 ) . In  these m u ta n t 

strains the O -s p e c ific  side ch ain  and the m a jo r ity  o f  th e  core p o lysa c c h arid e s w e re  absent, 

hence the p h o s p h o lip id  patches at the cell surface w e re  o b se rve d  to h a v e  th e ir heads 

o rie n tate d  to w a rd s the e x te rio r. T h is  suggests that h y d ro p h o b ic  m o le c u le s can g a in  e n try
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in to  the cell in te rio r th ro u g h  the u s u a lly  s e le c tiv e ly  p e rm e a b le  o u te r m e m b ra n e  (R u s s e ll, 

1 9 9 5 ). T h e  absence o f  an O -c h a in  in  m e m b e rs o f  the En te ro b a c te ria c e a e  is respon sible fo r  

the fo rm a tio n  o f  ro u g h  m u ta n ts (Ja n n  &  J a n n , 19 9 9 ).

A n tim ic r o b ia l agents w h ic h  d e m o n stra te d  increased a c tiv ity  to w a rd s deep ro u g h  

m u tan ts in  c o m p a ris o n  to w ild  ty p e  ce lls , w e re  g e n e ra lly  fo u n d  to  b e  o f  h y d ro p h o b ic  in  

nature ( N i k a i d o , 1 9 7 6 ; R u s s e ll, 19 9 2 a ). A g e n ts  w h ic h  w e re  m a in ly  sm a ll h y d ro p h ilic  

m o le c u le s (m o le c u la r w e ig h t < 6 0 0 D a ) w e re  u n a ffe c te d  b y  a n y  alteratio ns in  the L P S  la y e r 

( N i k a i d o , 1 9 7 6 ; H a n c o c k , 1 9 8 4 ). N ik a i d o  ( 1 9 7 6 )  p ro p o se d  that th e  changes w e re  n o t a 

d irect result o f  the alterations in  the L P S  structure b u t w e re  the  result o f  an e x te n sive  

re o rg a n isa tio n  o f  the o u te r m e m b ra n e  (R u s s e ll, 19 9 2 a ). T h e  e x p o s e d  p h o s p h o lip id  b ila y e r 

a llo w s  the p e n e tra tio n  o f  h y d ro p h o b ic  m o le c u le s , fo r  e x a m p le , p h e n o l ( N ik a id o  &  N a k a e ,

1 9 7 9 ) . T h e  O M P  m u tan ts o f  S. typhimurium  w h ic h  h a v e  a n o rm a l w ild -ty p e  L P S  

c o m p o s itio n , b u t re d u ce d  levels o f  o u te r m e m b ra n e  p ro te in s , e x h ib it  s e n s itiv ity  to crystal 

v io le t ( A m e s  et al, 1 9 7 4 )  and increased p e n e tra tio n  to h y d ro p h o b ic  a n tim ic ro b ia ls 

( N i k a i d o , 1 9 7 6 ) . T h is  illustrates that m e m b ra n e  re o rg a n is a tio n , re p la c in g  p ro te in s w ith  

p h o s p h o lip id s  rathe r th a n  altering the L P S  stru ctu re , causes an increased h y d ro p h o b ic  

p e rm e a b ility  in  the ro u g h  m u tan ts ( N ik a id o  &  V a a r a , 1 9 8 5 ). E v a n s  et al, ( 1 9 9 1 )  

dem o n strate d  that m u c o id  strains o f  P. aeruginosa  w e re  associated w ith  decreased 

s e n s itiv ity  to w a rd s  the q u in o lo n e  a n tib io tic  c ip ro flo x a c in . P. aeruginosa  m u ta n t Z 6 1  

d em onstrates a 6 fo ld  increased p e rm e a b ility  to the B -la c ta m  n itro c e fin , a cco m p a nie d  b y  

this o b s e rv a tio n  is a 4  to  10 ,0 0 0  fo ld  increase in  s u sc e p tib ility  to  30 d iffe re n t a n tim ic ro b ia l 

agents, a lth o u g h  there are n o  apparent alterations in  th e  m a jo r O M P  p ro file s  (A n g u s  et al,

19 8 2 ). H o w e v e r , an alte ra tio n in  the L i p i d  A  w a s  o b s e rv e d , w h ic h  is th o u g h t to fa v o u r  an 

increased p ro p o rtio n  o f  o p e n  fu n c tio n a l p ores ( K r o n p in s k i et al, 1 9 8 2 ) .
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Efflux pumps

A  v a r ie ty  o f  tra nsp o rt system s h a v e  b e e n d e m o n stra te d  to  p la y  an im p o rta n t ro le  in  

b o th  bacteria and e u ka ryo te s b y  c o n fe rrin g  resistance to to x ic  c o m p o u n d s  (P a u ls e n  et al,

1 9 9 6 ). A c t i v e  e fflu x  p ro te in s o f  w id e  s p e c ific ity  are c o m m o n  in  w i l d  typ es o f  bacte ria  and 

co n trib u te  s ig n ific a n tly  to  the intrin sic resistance o b se rve d  in  P. aeruginosa  ( M a  et al, 

1 9 9 4 ). A l th o u g h  it is n o t p o ssible  to  p ro v id e  d e fin ite  answ ers to  p h y s io lo g ic a l roles o f  the 

m a jo r ity  o f  m u ltid ru g  e fflu x  system s, it has b e e n c o n c lu d e d  th a t som e n a tiv e  e fflu x  

system s h a v e  a ro le  in  e x tru d in g  to x ic  c o m p o u n d s  fr o m  the c e ll. S o m e  appear to  e xtru d e  

e xo g e n o u s o r e n d o g e n o u s to x in s  fr o m  the c e ll, w h ils t others are in v o lv e d  in  u n re la te d  

m e ta b o lic  fu n c tio n s , fo r  e x a m p le , iro n  m e ta b o lis m  (P a u ls e n  et al, 19 9 6 ). M u ltip le  d ru g  

resistant p u m p s  ( M D R ’ s) fu n c tio n  to e ffe c tiv e ly  p ro te c t the cells fr o m  c o m m o n ly  used 

d ru g s , w h ic h  are n u m e ro u s in  ty p e  and fu n c tio n  (O u e lle tte  et al, 1 9 9 7 ) . T h e  m a jo r ity  o f  

e fflu x  system s ty p ic a lly  deal w ith  a n a rro w  rang e o f  s tru c tu ra lly  related substances, fo r  

e x a m p le , the e x p o rte r in  E. coli  respon sible fo r  e x tru d in g  te tra c yc lin e  a lo n g  w ith  a n a rro w  

range o f  s tru c tu ra lly  re la te d  analogues (P a u ls e n  et al, 19 9 6 ). H o w e v e r , som e m u ltid ru g  

e f f lu x  p u m p s  h a v e  b e e n id e n tifie d  w h ic h  are capable o f  e x tru d in g  stru c tu rally  d is s im ila r 

c o m p o u n d s  (P a u ls e n  et al, 19 9 6 ).

T h e  m u ltid ru g  resistance p h e n o m e n o n  is conn ected  to  the o v e r expre ssio n o f  

transporters (Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ). D r u g  e fflu x  transporters constitute b e tw e e n  6 

and 1 8 %  o f  all b acterial m e m b ra n e  transporters (P a u ls e n  et al, 1 9 9 8 ). It  is suggested that 

resistance to  a lm o st a n y  a n tim ic ro b ia l m a y  be a c h ie ve d  th ro u g h  e fflu x  p u m p  m e cha nism s 

( Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ).

T h e  m a jo r fa c ilita to r s u p e rfa m ily  ( M F S )  consists o f  m e m b ra n e  transport p ro te ins 

ra n g in g  fr o m  b acteria to  h ig h e r eu ka ryo te s in v o lv e d  in  the s y m p o r t, a n tip o rt o r u n ip o rt o f  

v a rio u s  substrates (P a u ls e n  et al, 19 9 6 ). T h e r e  has been greater tha n 300 in d iv id u a l
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p ro te in s id e n tifie d  b e lo n g in g  to the s u p e rfa m ily  (P a u ls e n  et al, 19 9 6 ). E x a m p le s  o f  such 

p ro te in s in c lu d e  the lactose perm ease L a c Y  o f  E. coli  a nd  th e  h u m a n  G L U T  glucose 

transp orter (P a u ls e n  et al, 19 9 6 ). M a r g e r  a nd  S a ie r (1 9 9 3 ) id e n tifie d  fiv e  d istinct clusters 

o f  fa m ilie s  in  the m e m b ra n e  transporter p ro te in s o f  the M F S .  T h e s e  clusters are classified 

in to  ( 1 )  d ru g  resistance; (2 )  sugar u p ta k e ; (3 )  u p ta ke  o f  K r e b s  c y c le  interm ed iate s; (4 )  

p h o sp h a te  ester / p h o sp h a te  a n tip o rt; and (5 ) o lig o sa c c h arid e  u p ta k e  (P a u ls e n  et al, 19 9 6 ). 

P ro te in s  in v o lv e d  in  d ru g  resistance consist o f  P M F -d e p e n d e n t  d ru g  e fflu x  p ro te ins 

(P a u ls e n  et al, 19 9 6 ). T h is  cluster inclu des a n u m b e r o f  m u ltid ru g  e ff lu x  proteins and o th e r 

su bstrate-specific d ru g  e fflu x  proteins (P a u ls e n  et al, 19 9 6 ). O n e  such e x a m p le , is the 

te tra c yc lin e  e x p o rte r T e t B , w h ic h  has b e e n fo u n d  to fu n c tio n  as an electroneutral a n tip o rt 

syste m  catalyses the e xch a n g e  o f  a te tra c yc lin e  d iv a le n t-m e ta l-c a tio n  c o m p le x  fo r  a p ro to n  

(P a u ls e n  et al, 19 9 6 ).

T h e  sm a ll m u ltid ru g  resistance ( S M R )  f a m ily  are e ff lu x  transporters w h ic h  p re fe r 

c a tio n ic , h y d ro p h o b ic  m o le c u le s . T h is  f a m ily  is co nse rve d  a nd  fo u n d  as m e m b ra n e  

e m b e d d e d  p ro te ins in  o th e rw ise  u n c h a lle n g e d  b acterial cells. T h e  S M R  and M F S  fa m ilie s 

possess several stru ctu ral and fu n c tio n a l g lu tam a te  and aspartate residu es, w h ic h  are 

c ritic a l in  the transp ort o f  cationic substances.

T h e  re s ita n c e -n o d u la tio n -c e ll d iv is io n  ( R N D )  s u p e rfa m ily  o f  e fflu x  p u m p s is the 

largest single fa m ily . T h is  g ro u p  transports m a in ly  lip o p h ilic  a nd  a m p h ip h ilic  m o le cu le s 

a nd  m a y  be e x a m p le d  b y  the A c r B  and M e x B  p roteins in  E. co li  and P. aeruginosa 

re s p e c tiv e ly  (Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ).

T h e  A T P - b i n d i n g  cassette ( A B C )  f a m ily  o f  e fflu x  p u m p s  is the o n ly  m a jo r g ro u p  

to  fin d  its e n e rg y s u p p ly  in  A T P ,  rather th a n  p ro to n  a n tip o rt. Tra n sp o rte rs w ith in  this 

f a m ily  h a v e  b e e n re p o rte d  to be in v o lv e d  in  d ru g  resistance to  a n tim ala ria l agents in
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Plasmodium falciparum  and to  le p to m y c in  B  in  Schizosaccharom yces pom be  (P a u ls e n  et 

al, 19 9 6 ).

T h e  first e vid e n c e  o f  the M D R  in  the G r a m  n e g a tiv e  bacteria w a s  re p o rte d  b y  

L o m o v s k a y a  and L e w i s  ( 1 9 9 2 ) . T h e y  o b se rve d  that th e  M D R  p ro te in  E m rA B  in  

Escherichia coli  p ro te c te d  the cells against n a lid ix ic  acid an d  th io la c to m y c in  ( L e w i s  et al,

1 9 9 7 ) . P o o le  et a l ,  (1 9 9 3 ) dem on strated  an e fflu x  syste m  in v o lv in g  three p ro te ins M e x  A ,  

M e x  B  and O M P  M ,  w h ic h  are c ritic a l to  the in trin sic  resistance m e c h a n is m  in  P. 

aeruginosa. It  has b e e n established that a k n o c k o u t m u ta tio n  in v o lv in g  genes o f  a n y  o f  the 

three p ro te ins results in  a fo u r -fo ld  to  te n -fo ld  increase in  s u sc e p tib ility  to w a rd s  the 

q u in o lo n e s , 13-lactams (e xc e p t im ip e n e m ), te tra c yc lin e  and c h lo ra m p h e n ic o l.

G r a m -n e g a tiv e  m u ltid ru g  e fflu x  transporters are c o m p o s e d  o f  a th re e -c o m p o n e n t 

sy ste m . T h e  transp o rte r is located in  the in n e r m e m b ra n e , w h ic h  has a fu n c tio n a l 

associatio n w it h  a p e rip la s m ic  accessory p ro te in  and an O M P  (Z g u r s k a y a  &  N i k a i d o ,

2 0 0 0 ). T h is  fo rm a tio n  aids the transp o rt o f  to x in s  fr o m  the c y to p la s m  to the e xte rna l 

e n v iro n m e n t. T h is  system  w o rk s  s y n e rg is tic a lly  w ith  the in trin s ic a lly  lo w  p e rm e a b ility  o f  

the o u te r m e m b ra n e  to w a rd s a n tim ic ro b ia l agents ( Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ). It  has 

b e e n s h o w n  that in n e r m e m b ra n e  transp ort p ro te ins recog nise a n tim ic ro b ia ls ( Z g u r s k a y a  &  

N i k a i d o , 2 0 0 0 ) a n d  are able to e x p e l such agents, w h ic h  w o u ld  o th e rw ise  a ffe c t the 

c y to p la s m  and p e rip la s m . Studies in to  A c r B  and M e x B  transporters o f  E. coli  and P. 

aeruginosa  re c e p tiv e ly , indicate the o n l y  re q u ire m e n t fo r  th e  d ru g  to  b e  a substrate is the 

presence o f  a h y d ro p h o b ic  d o m a in  capable o f  ins e rtio n  in to  the p h o s p h o lip id  b ila y e r 

( N i k a i d o , 19 9 6 ). It  is th o u g h t that the substrate interacts w it h  the b ila y e r, g a in in g  access to 

the transp orter core w h ils t still in  lip id  phase ( Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ). T h e  d ru g  

b in d s  in  the p e rip la s m ic  space and th e re fo re , the large p e rip la s m ic  d o m a in  m a y  p la y  a ro le  

in  the e fflu x  process ( Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ). T h e  p e rip la s m ic  c o m po n e n ts b e lo n g  to
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the m a in  fu s io n  p ro te in  ( M F P )  fa m ily  ( D i n h  et al, 19 9 4 ) and th e y  e x p o rt v a rio u s  p ro te in s , 

o lig o sa c c h arid e s, sm a ll m o le c u le s and d iv a le n t m e ta l c a tio n s. H y d r o p h o b ic  c o m p o n e n ts at 

the N -  an d  C -te r m in i are th o u g h t to  interact w ith  the in n e r a nd  o u te r m e m b ra n e s , a llo w in g  

the tra n sfe r o f  substrates ( Z g u r s k a y a  &  N i k a i d o , 2 0 0 0 ). T h e  o u te r m e m b ra n e  c o m p o n e n t 

o f  the e fflu x  syste m  is interchangeable b e tw e e n  system s a nd  v a rio u s  system s m a y  u tilise 

O M P s  w it h  o th e rw ise  n o rm a l fu n c tio n s ( Y o n e y a m a  et al, 1 9 9 0 ).

The Isothiazolone Biocides and their Mode of Action
T h e  is o th ia zo lo n e  b io c id e s in c lu d e  1 ,2 -b e n z is o th ia z o lo n e  ( B I T ) ,  N -  

m e th y lis o th ia zo lo n e  ( M I T )  and 5 -c h lo r o -N -m e th y l-is o th ia zo lo n e  ( C M I T )  ( F ig u r e  3 ). T h e y  

are w id e ly  used as ind u stria l and e n v iro n m e n ta l b io c id e s in  the p re se rva tio n  o f  cosm etics, 

toiletries an d  p a in t p ro du cts ( C o llie r  et al, 1 9 9 1 ; W a ig h  &  G ilb e r t , 1 9 9 1 ; S o n d o ssi et al, 

19 9 3 ). T h e  is o th ia zo lo n e  b io c id e s are m o s t c o m m o n ly  used as c o m m e rc ia l p ro du c ts w h e re  

a m ix tu re  o f  th e  b io c id e s m a y  be a p p lie d . F o r  e x a m p le , K a t h o n ™  ( R o h m  and H a a s  In c .)  

com prises o f  a m ix tu r e  o f  M I T  and C M I T  and P r o x e l ™  (Z e n e c a  p ic .)  is m a in ly  c o m po se d  

o f  B I T .  B I T  e ffe c tiv e ly  contro ls m ic ro b ia l g ro w th  in  m e ta l w o r k in g  flu id s , w e re  bacterial 

counts are re d u c e d  to ze ro  a fte r a fo u r d a y  contact p e rio d  (S in g e r , 1 9 7 6 ) . T h e  c o m m e rc ia l 

p ro du cts can b e  used as p re se rva tive s in  a v a r ie ty  o f  p ro d u c ts , fo r  e x a m p le  p a in ts, 

adhesives a n d  deterge nts, and r a p id ly  degrade in  the e n v iro n m e n t.

T h e  b io c id e s are k n o w n  to react w ith  accessible th io l g ro u p s w ith in  the c e ll, fo r 

e x a m p le  g lu ta th io n e , m ix e d  p ro te in  th io ls and c yste ine . T h e r e fo r e , the a n tim ic ro b ia l 

a c tiv ity  o f  th e  b io c id e s w ill  be g re a tly  red u ced  b y  the presence o f  e xtra c e llu la r th io l- 

c o n ta in in g  in tra c e llu la r agents ( F u ll e r  et al, 19 8 5 ; C o llie r  et al, 19 9 0 a ) (F ig u r e  4 ). 

G lu ta th io n e  is the m o s t a bu n d a n t th io l-c o n ta in in g  target in  m ic ro b ia l cells at 

conce ntrations greater than l O m M  ( O w e n s  &  H a r tm a n , 19 8 6 ). G r o w t h  m a y  b e  arrested
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5 -C h lo r o -N -M e th y lis o th ia z o lo n e

F i g u r e  3 : T h e  structures o f  the Is o th ia zo lo n e  B io c id e s  ( B e n z is o th ia zo lo n e , B I T ;  N -  
M e th y lis o th ia z o lo n e , M I T ;  5 - C h lo r o -N -M e th y lis o th ia z o lo n e , C M I T ) .
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d u e  to the d is ru p tio n  o f  the in tra c e llu lar re d o x  b alance ( C o llie r  et al, 1 9 9 1 ; F u lle r  et al,

1 9 8 5 ). A lte r n a t iv e ly , o th e r th io l-c o n ta in in g  agents m a y  b e  the a c tive  sites o f  e n zy m e s  

( C o llie r  et al, 19 9 0 a ). T h i o l  inte ra c tive  agents are n o t c o m m o n ly  n o te d  fo r  b io c id a l 

p ro p e rtie s, h o w e v e r , it has b een d e m o n stra te d  that C M I T  sh o w s fu n g ic id a l p roperties 

against Schizosaccharom yces pom be  (C o llie r  et al, 19 9 0 b ; F ig u r e  5 ). T h is  o b se rve d  

d iffe re n c e  in  re a c tiv ity  o f  the is o th ia zo lo n e  b io c id e s can be related  to  the precise m o d e s o f  

a c tio n . T h e  in itia l re a c tio n  fo r  B I T ,  M I T  an d  C M I T  is to  interact o x id a tiv e ly  w ith  

accessible th io l-g ro u p s  fo r m in g  m ix e d  d isu lp h id e  adjuncts ( C o llie r  et al, 19 9 0 a ). F u r th e r  

in te ra c tio n  w ith  th io ls results in  the fo rm a tio n  and subsequent release o f  o x id is e d  th io l 

d im e rs (e .g . g lu ta th io n e  d isu lp h id e ) and red u ced  o p e n -rin g  fo rm s  o f  the iso th ia zo lo n e s 

(e .g . m e rc a p to a c ry la m id e ; C o llie r  et al, 1 9 9 1 ) . T h e  m e rc a p to a c ryla m id e s can react fu rth e r 

w it h  the b io c id e s re su ltin g  in  the fo rm a tio n  o f  b io c id e  d im e rs ( C o llie r  et al, 19 9 0 b ). T h e  

C M I T  m e rc a p to a c ry la m id e  tautom e rises p ro d u c in g  a h ig h ly  re a c tive  th io -a c y l ( T A C )  

w h ic h  has the a b ility  to  r a p id ly  react w ith  th io l-g ro u p s , am ines a nd  w a te r ( C o llie r  et al, 

1 9 9 0 b ). T h is  p ro p e rty  is th o u g h t to a ccount fo r  the e xce lle n t b io c id a l prope rtie s o f  C M I T .  

H o w e v e r , it is n o t clear w h y  this b io c id a l a c tiv ity  is lim ite d  to  fu n g a l cells and n o t 

d e m o n stra te d  to w a rd s bacteria. A  p o ssible  e x p la n a tio n  m a y  b e  p h y s io lo g ic a l d ifferences in  

e u k a ry o tic  and p ro k a ry o tic  cells, and the p e rm e a b ility  o f  the b io c id e s  in to  the cells ( C o llie r  

et al, 19 9 0 b ). T h e  m a jo r in te ra c tive  sites are w ith in  the c y to s o l, th e re fo re , e n try  in to  the 

cell m a y  be lim ite d , p a rtic u la rly  in  G r a m  n e g a tiv e  bacteria ( C o llie r  et al, 19 9 0 b ). A l th o u g h  

C M I T  is n o t b ac te ricida l it e x h ib its  greater re a c tiv ity  to  bacte rial cells th a n  either B I T  o r 

M I T  (C o llie r  et al, 19 9 0 a ). N o  specific b in d in g  p ro te in s fo r  a n y  o f  the b io c id e s h a v e  b e e n 

o b s e rve d  ( C o llie r  et al, 19 9 0 b ). H o w e v e r , d iffe re n c e s o c c u r w h e n  c h lo rina te d  and n o n - 

c h lo rin a te d  c o m p o u n d s b in d  to the cell e nve lo pe s an d  c y to s o l ( C o llie r  et al, 19 9 0 b ). 

T h e r e fo r e , n o n -th io l interactions m a y  be o c c u rrin g  fo r  C M I T  w h ic h  w i l l  h a v e  greater
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consequences fo r  bacte rial cells tha n fu n g a l cells because in  the fo r m e r , m a n y  essential 

fu n c tio n s are m e m b ra n e  b o u n d  ( C o llie r  et al, 19 9 0 b ). H o w e v e r , u p o n  re m o v a l o f  L P S  

fo llo w in g  tre a tm e n t w ith  E D T A ,  K a t h o n ™  w a s  o b se rve d  to  b e  b ac te ricid a l to w a rd s P. 

aeruginosa  ( B r o z e l  &  C lo e te , 1 9 9 4 ). A  p o ss ib le  e x p la n a tio n  fo r  this is that e n try  in to  the 

cell via the O M P s  is a rate lim itin g  step. T h e r e fo r e , re m o v a l o f  the L P S ,  w h ic h  w o u ld  

increase the e n try  rate, p e rm its a h ig h e r c o n c e n tra tio n  o f  b io c id e  in to  the cell and h e nce , 

results in  b acte ricida l a c tiv ity  ( B r o z e l  &  C lo e te , 1 9 9 4 ).

U p o n  e xp o s u re  o f  Legionella pneum ophila  to  K a t h o n ™  C G  (the active  in g re d ie n t 

b e in g  C M I T )  b acte ricida l a c tiv ity  w a s  o b se rve d  to w a rd s  iro n -re stric te d  cells. 

M ic ro o rg a n is m s  h a v e  b e e n o b se rve d  to e x h ib it d iffe re n t p h e n o ty p e s  w h e n  g r o w n  in  iro n - 

d e p riv e d  and iro n -s u ffic ie n t c o n d itio n s (B a r k e r  et al, 19 9 2 ; B r o w n  &  W illia m s , 19 8 5 ; 

D o m e n ic o  et al, 19 9 6 ; Pe ttersson et al, 1 9 9 7 ) . T h e  p h e n o typ e s expressed d u rin g  iro n - 

d e p riv e d  g ro w th  w e re  fo u n d  to d iffe r  s ig n ific a n tly  in  th e ir su sc e p tib ility  to ch em ical 

in a c tiv a tio n  (B a r k e r  et al, 19 9 2 ).

Other Thiol-Interactive Agents

T h e  p r im a r y  m o d e  o f  action o f  the is o th ia zo lo n e  is to  interact o x id a tiv e ly  w ith  

accessible th io l g ro u p s . B r o n o p o l b r o n id o x  a nd  th io m e rs a l are also th io l-in te ra c tiv e  agents. 

B r o n o p o l ( F ig u r e  7 ;  2 -b r o m o -2 -n it r o -p r o p a n -l ,3 -d io l) , dem onstrates a b ro a d  spectrum  o f  

a ntibacterial a c tio n  (W a ig h  &  G ilb e r t , 1 9 9 1 ) . It  is w id e ly  used as a p re se rva tive  in  

p h a rm a c e u tic a l an d  cosm etic p ro du c ts at co nce ntra tio ns o f  u p  to  0 .1 %  (W a ig h  &  G ilb e r t , 

1 9 9 1 ; S h e p h e rd  et al, 1 9 8 5 ), b u t o n ly  d em onstrates se lective a c tio n  against P. aeruginosa. 

( C o llie r , 1 9 9 7 ) . T h e  m e c h a n is m  o f  a c tio n  o f  b ro n o p o l is to  interact w ith  essential th io l 

gro u p s w ith in  th e  c e ll, re su lting  in  o x id a tio n  th ro u g h  a ra dica l a n io n  in te rm e d ia te . In  the 

presence o f  b ro n o p o l cysteine is r a p id ly  c o n v e rte d  to  c ystine  (S h e p h e rd  et al, 1 9 8 7 ) .
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B r o n o p o l d em onstrates sig n ific a n t b ac te ricid a l a c tiv ity , w h ic h  c a n n o t b e  e x p la in e d  s o le ly  

b y  the o x id a tio n  o f  th io l g ro u p s , b u t is the result o f  b y -p r o d u c t fo rm a tio n  o f  su p e ro xid e  

and p e ro x id e  d u rin g  the th io l-o x id a tio n  process ( W a ig h  &  G ilb e r t , 1 9 9 1 ) . D u r in g  aerobic 

c o n d itio n s b ro n o p o l catalyses the o x id a tio n  o f  th io l-g ro u p s  to th e ir d is u lp h id e  adju ncts, 

this process contin u es in  the presence o f  o x y g e n  a nd  b r o n o p o l. A t  this p o in t bacteriostatic 

a ctio n b y  the b io c id e  w i l l  be d e m o n stra te d , w ith  the p ro d u c tio n  o f  p e ro x id e  a nd  su p e ro xid e  

b y -p ro d u c ts . It  is the b y -p ro d u c ts , w h ic h  are d ire c tly  re spo n sib le  fo r  the b ac te ricid a l action 

d e m o n stra te d  b y  b ro n o p o l ( W a ig h  &  G ilb e r t , 1 9 9 1 ) .

B r o n id o x  ( 5 -B r o m o - 5 - n it r o - l ,3 - d io x a n e ; F ig u r e  6) has a s im ila r b ro a d  spectrum  o f  

a n tim ic ro b ia l a c tiv ity  to b r o n o p o l, h o w e v e r , it is c onsidered to  h a v e  b etter sta b ility  in  basic 

m e d ia  ( G h a n n o u m  et al, 19 8 6 ). It  is used as a p re s e rv a tiv e  to  p re v e n t m ic ro b ia l spoilage in  

cosm etics an d  toile trie s (G h a n n o u m  et al, 19 8 6 ). T h e  m o d e  o f  a c tio n  o f  b r o n id o x  is sim ila r 

to the s tru c tu ra lly  related n itro  c o m p o u n d  b r o n o p o l, that is the o x id a tio n  o f  essential 

p ro te in  th io ls (G h a n n o u m  et al, 19 8 6 ).

T h io m e rs a l (m e rth io la te ; s o d iu m -o -(e th y lm e rc u rith io )-b e n zo a te ; F ig u r e  6) w a s 

o r ig in a lly  used as a s k in  d isin fe c ta n t, b u t is n o w  m o re  c o m m o n ly  used as a fu n g ic id a l and 

p re s e rv a tiv e  agent fo r  b io lo g ic a l p ro du c ts in  the rang e o f  0 .0 1  to  0 .0 2 %  (R u s s e ll 19 9 2 b ). 

T h io m e rs a l o x id a tiv e ly  reacts w ith  th io l-g ro u p s  d e m o n stra tin g  b acteriostatic and 

b ac te ricid a l a c tio n  (W a ig h  &  G ilb e r t , 1 9 9 1 ) .
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F i g u r e  6: T h e  Stru ctu re  o f  som e T h io l-In te r a c tiv e  B io c id e s .
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Resistance of P s e u d o m o n a s  a e r u g i n o s a  to Isothiazolone as Observed by
Brozel and Cloete

B r o z e l  and C lo e te  (1 9 9 4 ) e xp o se d  P. aeruginosa  P A O l  to  K a t h o n ™  (a  m ix tu re  o f  

1 .1 5 %  C M I T  an d  0 .3 5 %  M I T ) .  T h e y  o b s e rve d  a g radual increase in  m in im u m  in h ib ito r y  

c once ntrations o f  b io c id e  to increasing co nce ntra tio ns o f  K a t h o n ™ , and c o nclu de d  this 

w a s  due to  an a d a p tiv e  o r p h e n o ty p ic  m e c h a n is m .

T h e  m in im u m  in h ib ito r y  c o n c e n tra tio n  ( M I C )  o f  K a t h o n ™  w a s  d e te rm in e d  fo r  

w i l d  ty p e  P. aeruginosa. P. aeruginosa  w a s  c u ltu re d  in  the presence o f  a qu arter the 

co n c e n tra tio n  o f  the p re v io u s ly  d e te rm in e d  M I C .  T h e  M I C  v a lu e  w a s red eterm ined  

fo llo w in g  each g r o w th  p e rio d  and the b ac te ria  w a s the n re -e x p o s e d  to a qu arter o f  the 

re d e te rm in e d  M I C .  T h is  p rocedure w a s  repeated u n til 10  subsequent passages in  the 

presence o f  b io c id e  h a d  b een a c h ie ve d , at w h ic h  p o in t the cells w e re  d eem e d to be 

'resistant' to  the b io c id e . A  gradual increase in  the M I C  fr o m  an in itia l v a lu e  o f  3 0 0 p L  L ' 1 

to 6 0 7 ju L L ' 1 w a s o b se rve d  in  three cultures tested in  p a ra lle l o v e r  a 15 d a y  expo su re  

p e rio d . T h e  resistant cells w e re  the n c u ltu re d  fo r  three c o n s e c u tive  passages in  the absence 

o f  K a t h o n ™  and the d e v e lo p m e n t o f  resistance w a s o b se rve d  to  fo llo w  the sam e p attern . 

T h is  w a s th o u g h t to b e  in d ic a tiv e  o f  a p h e n o ty p ic  a d a p tatio n . A  p h e n o ty p ic  adap tatio n is 

an alteratio n w h ic h  dem onstrates a change in  response to e n v iro n m e n ta l s tim u li, b u t does 

n o t nece ssarily re q u ire  a g e n o m e  alteratio n.

S D S - P A G E  analysis o f  w ild -ty p e  o r se nsitive  and resistant cells o f  P. aeruginosa 

re ve a le d  tw o  d iffe re n c e s , in d ic a tin g  an a d a p tiv e  resistance m e c h a n is m  to  the K a t h o n ™  

b io c id e .

( 1 )  S e n s itiv e  cells o f  P. aeruginosa  e xp o se d  to 3 0 0 p L  L - l  o f  b io c id e  fo r  2 4 h  

p ro d u c e d  c o p io u s a m o u n ts o f  e xtra c e llu lar p o lysa c c h a rid e  ( E P S ) .  A  54 k D a  O M P  w a s also
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detected and c orrelated  w ith  the E P S  p ro d u c tio n  (G r a b e r t et al, 19 9 0 ). T h e  p ro d u c tio n  o f  

E P S  w a s n o t o b se rve d  in  se nsitive (n o n -e x p o s e d ) and resistant cells and w a s th e re fo re , 

th o u g h t to b e  an in itia l stress response w h ic h  is n o t m a in ta in e d  fo llo w in g  e xte n d e d  

e xp o s u re  to the b io c id e . T h e  54 k D a  p ro te in  w a s  o n ly  presen t in  red u ced  le ve ls . T h e  

in d u c e d  c u ltu re  (firs t e xpo su re  cells) e x h ib ite d  a w id e r  stress response p ro d u c in g  m in o r  

O M P s ,  w h ic h  w e re  n o t detected in  se n sitive , resistant o r  n o n -e x p o s e d  resistant cells. 

H e n c e , these m in o r  p roteins w e re  n o t th o u g h t to co n trib u te  to  the  im p r o v e d  resistance.

(2 )  A  35 k D a  O M P  detected in  se nsitive cells w a s  n o t present in  resistant o r 

in d u c e d  culture s. T h is  w a s  called th e  T - O M P  (so m e tim e s re fe rre d  to as O p r  T ,  O M P  T  o r 

p ro te in  T ) .  T h e  p ro te in  w a s also un detecte d  in  resistant cells c u ltu re d  fo r  three tim e s in  the 

absence o f  b io c id e . T h is  indicates the resistance m e c h a n is m  is a m o re  p e rm a n e n t 

m e c h a n is m  o r m u ta tio n .

B r o z e l  an d  C lo e te  (1 9 9 4 ) c o n c lu d e d  that the is o th ia zo lo n e  b io c id e s entered in to  the 

bacterial cell v ia  T - O M P  because re m o v a l o f  the L P S  re nd e re d  the resistant cells as 

susceptible to the b io c id e  as se nsitive cells and that the resistance w as acqu ire d  b y  an 

a d a p tive  m e c h a n is m  w h e re  T - O M P  is suppressed.
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Aims
T h e  aim s o f  this s tu d y  are to inve stiga te  th e  in d u c tio n  o f  resistance in  passaged 

cells o f  Pseudom onas aeruginosa  P A O l ,  to w a rd s th e  is o th ia zo lo n e  b io c id e s ( B I T ,  M I T  &  

C M I T )  an d  the th io l-in te ra c tiv e  agent th io m e rs a l. T h e  e x a m in a tio n  o f  the g ro w th  

characteristics o f  P. aeruginosa  P A O l ,  and e sta b lish m e nt o f  the m o s t su itab le m e th o d  o f  

m in im u m  in h ib ito r y  c o nc e ntra tio n ( M I C )  d e te rm in a tio n  m u s t b e  a c h ie ve d  in  o rd er to 

q u a n tify  the p ro g re ssive  d e v e lo p m e n t o f  resistance. A  su itable m e th o d  m u s t b e  dete rm in e d  

in  o rd e r to  in d u c e  resistance to w a rd s  the three is o th ia zo lo n e s  and th io l-in te ra c tiv e  agent 

th io m e rs a l, w h ils t m a in ta in in g  s u ffic ie n t cell n u m b e rs and a d o p tin g  a q u a n tifia b le  m e th o d  

to estim ate the M I C  o f  the resistant culture s. T h e  resistant and c o n tro l passages o f  cells 

w ill  the n b e  o b se rve d  fo r  a c o m p a ris o n  o f  th e ir o u te r m e m b ra n e  p ro te in  ( O M P )  p ro file s via 

s o d iu m  d o d e c y l sulphate p o ly a c ry la m id e  gel e lectropho resis ( S D S - P A G E )  and tw o - 

d im e n s io n a l gel electrophoresis. T h is  w i l l  be u n d e rta k e n  w ith  the a im  o f  id e n tify in g  O M P  

p ro file  changes w ith  p a rtic u la r reference to the presence o r absence o f  T - O M P .  T h e  

e lim in a tio n  o f  o th e r possible p h y s io lo g ic a l alterations in  the cell c o m p o n e n ts , w h ic h  m a y  

a ccount fo r  a n y  o b se rve d  resistance to w a rd s the fo u r  test b io c id e s , w i l l  b e  u n de rta ke n. 

T h is  m a y  in c lu d e  in ve stig a tio n s in to  the lip o p o ly sa c c h a rid e  ( L P S )  c o m p o n e n t o f  the cell 

and p o ss ib le  alterations in  the ce ll surface h y d r o p h o b ic ity  b e tw e e n  o b se rve d  m u c o id  and 

n o n -m u c o id  fo rm s  o f  the resistant cultures.
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Chapter Two

General Experimental Methods 

Protocols for Bacterial Growth and Maintenance of Cultures

Maintenance and Growth o f  Cultures

A  c u ltu re  o f  Pseudomonas aeruginosa  P A O l  N C I M B  10 5 4 8  w as o b ta in e d  fr o m  

the N a tio n a l C o lle c tio n s  o f  In d u s tria l and M a r in e  B a c te ria  ( N C I M B ) ,  A b e r d e e n , U K .  

C u ltu re s  w e re  ro u tin e ly  m a in ta in e d  o n  R 2 A  su p p le m e n te d  w ith  1 %  g ly c e ro l (R e a so n e r &  

G e ld r ic h , 19 8 5 ) and c h e m ic a lly  d e fin e d  m e d ia  ( C D M ;  D i n n i n g , 19 9 5 , re p la c ing  0 .5 %  

succinic acid w ith  g ly c e ro l) slopes in q u ad ru p lic a te . T h e  fo u r  slopes w ere n u m b e re d  fr o m  

1 to  4 . S lo p e  n u m b e r 1 w as used to ino c u la te  o v e rn ig h t cultures fo r  e xp e rim e n ta l purposes 

a nd  slope n u m b e r tw o  w as the b a c k u p  slope in case o f  c o n ta m in a tio n . S lo p e  n u m b e r three 

w as used f o r  fu rth e r su bcu ltu ring  and slope n u m b e r fo u r  w as k e p t as part o f  a sto ck culture 

c o lle c tio n . T h e  m aintenance o f  cultures in q u ad ru p lic a te  ensured that the stock bacterial 

cultures w e re  n o t ru in e d  b y  a sin gle occurrence o f  c o n ta m in a tio n . In o c u la te d  agar slopes 

w e re  in c u b a te d  o v e rn ig h t at 3 7 ° C .  A f t e r  the in c u b a tio n  p e rio d , sto ck cultures w ere 

m a in ta in e d  at ro o m  tem perature in  a darkened c u p b o a rd . C u ltu re  m aintenance w as 

o b se rve d  b y  su b c u ltu rin g  o n to  fresh a ppropriate agar slopes at fo r tn ig h tly  in te rva ls . L i q u i d  

cultures w e re  g ro w n  in R 2 A  and C D M  fo r  2 4 h  at 3 7 ° C  in  an o rb ita l in c u ba to r 

( G a lle n k a m p , I N A - 3 0 5 )  at 2 0 0 rp m . C u ltu re  id e n tific a tio n  w as d e te rm in e d  using the A P I  

2 0  N E  syste m  ( B io m e r ie u x , F r a n c e ). T h e  cultures w e re  stored o n  slopes at ro o m  

tem peratu re in  a d a rk  cu p b o ard .
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Reagents
S ig m a , P o o le , D o r s e t: tr iz m a  h y d ro c h lo rid e ; e th yle n e d ia m in e te tra -ac e tic  a c id ; p y ru v ic  

a c id ; te tra e th y la m m o n iu m c h lo rid e ; d ith io th re ito l; g lu ta th io n e ;5 ,5 -d ith io -b is  (2  

n itro b e n zo ic  a c id ); casein; N -la u ry ls a rc o s in e ; protease pepto n e  n u m b e r 3 ; so diu m  

c a rb o n a te ; s o d iu m  th io su lp h a te ; soluble starch; T E M E D ;  T R I Z M A  base; yeast e xtra c t, 

th io m e rs a l.

B D H  C h e m ic a ls , P o o le , D o r s e t: D is o d iu m  h y d ro g e n  phosph ate ( N a 2H P 0 4 ) ; potassiu m  

d ih y d ro g e n  phosph ate ( K H 2P O 4) ; d ip o ta s siu m  o rth o ph o sp h ate  ( K 2H P O 4) ; ferric 

a m m o n iu m  citrate; a m m o n iu m  c h lo rid e  ( N H 4C I ) ;  g ly c e ro l; e th a n o l; s o d iu m  ch lo ride  

( N a C l ) ;  D -g lu c o s e ; s o d iu m  d ith io n ite ; c a lc iu m  c h lo rid e  ( C a C l 2) ; m a g n e s iu m  sulphate 

h e p ta h y d ra te  ( M g S 0 4 .7 H 2 0 ) ; h y d ro c h lo ric  acid ( H C 1 ) ;  s o d iu m  h y d r o x id e  ( N a O H ) ;  

s o d iu m  nitrate (N a N C > 3).

T h e  is o th ia zo lo n e  ( M I T  and C M I T )  biocides w e re  k in d  g ifts fr o m  Z e n e c a  Sp ecialities p ic , 

(B io c id e s  R e s e a rc h , B la c k le y , M a n c h e ste r) an d  N i p a  L t d  ( B I T ) .  C e trim id e  w as su pplied b y  

R h o n e -P o u le n c  (C h e s h ire )

Sterilisation and Preparation of Media

R2A Medium

R 2 A  m e d iu m  w as prepared accord ing  to  p ro to c o l R e a s o n e r &  G e ld r ic h  (1 9 8 5 ), 

su p p le m e n te d  w ith  1 %  g ly c e ro l. T h e  p H  w as adjusted to  p H  7 .2  w ith  eith er crystallin e 

K 2H P 0 4 o r K H 2P 0 4. W h e n  re q u ire d  1 .5 %  technical agar ( O x o i d  n u m b e r 3) w as added as 

a g e llin g  agent. T h e  m e d iu m  w as sterilised b y  a u to c la v in g  at 1 2 1  ° C ,  15 p si fo r  15  m inu tes.
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Chem ically D efined Medium (CDM )

C D M  w as prepared a cco rd ing  to D in n in g  ( 1 9 9 5 ), re p la c ing  0 .5 %  w / v  succinic acid 

w ith  g ly c e ro l. S o lu tio n  A  w as prepared b y  d is s o lv in g  K 2H P 0 4 (2 .5 6  g ) , K H 2P 0 4 (2 .0 8  g ) 

and N H 4C 1  ( 1 .0 0  g ) in o rd e r, in  900 m L  o f  d e io n ise d  w a te r. T h e  p H  w as adjusted to p H  6.8 

w ith  the a d d itio n  o f  either 0 . 1 M  H C 1  o r 0 . 1 M  N a O H ,  the v o lu m e  m a d e  u p  to 1 L  w ith  

d e io n ise d  w a te r. T h e  so lu tio n  w as sterilised b y  a u to c la v in g  at 1 2 1 ° C ,  15 p si fo r  15 m inu te s. 

S o lu tio n  B  w as pre pare d  b y  d is s o lv in g  ferric a m m o n iu m  citrate ( 1 .0  g ) an d  C a C l 2 ( 0 .1  g) 

in  l O O m L  o f  d e io n ise d  w a te r. T h is  w as sterilised b y  filtra tio n  th ro u g h  a 0 .22 /xm  pore size  

cellu lose acetate (W h a tm a n , E n g la n d )  filte r u n d e r v a c u u m . S o lu tio n  C ,  a 1 M  g lyc e ro l 

so lu tio n  w as prepared b y  d is s o lv in g  g ly c e ro l (4 6 .4 5  g ) in 4 0 0  m L  o f  d e io n ise d  w a te r. T h e  

p H  w as adjusted to  p H  6 .0  b y  the a d d itio n  o f  eith er 0 . 1 M  N a O H  o r 0 . 1 M  H C 1 . T h e  total 

v o lu m e  w as m a d e  u p  to 500 m L  w ith  d e io nise d  w a te r. S o lu tio n  C  w as sterilised b y  

a u to c la v in g  at 1 2 1 ° C ,  15 psi fo r  15  m in u te s. S o lu tio n  D  w as p repared  b y  d is s o lv in g  

M g S 0 4. 7 H 20  (0 .5  g ) in  900 m L  d eionised  w a te r. T h e  total v o lu m e  w as m a d e  up  to 1 L  

using d e io n ise d  w a te r. S o lu tio n  D  w as sterilised b y  a u to c la v in g  at 1 2 1  ° C ,  15  psi fo r  15 

m in u te s . T h e  C D M  w as c o m p le te d  w ith  the aseptic a d d itio n  o f  5 m L  o f  so lu tio n  B ,  15 m L  

o f  s o lu tio n  C  and 10  m L  o f  so lu tio n  D  to 1 L  o f  so lu tio n  A .

Preliminary Identification Techniques

Gram Reaction

T h e  G r a m  stain w as used to d istin g u ish  b e tw e e n  G r a m  p o s itiv e  and G r a m  ne g a tive  

bacterial cells. B a c te ria l cells w e re  place d  o n to  a glass slide an d  m a d e  in to  a suspension 

w ith  d is tille d  w a te r, a llo w e d  to air d ry  and then g e n tly  h e a t-fix e d . C ry s ta l v io le t so lu tion 

w as add e d  to  the slide fo r  1 m in u te . T h e  crystal v io le t w as d ecanted fr o m  the slide and 

io d in e  s o lu tio n  w as added to the slide fo r  1 m in u te . A  1 :1  (v / v )  s o lu tio n  o f  acetone / 

a lco ho l w as used to d ecolou irse the slide and im m e d ia te ly  w a sh e d  o f f  w ith  w a te r. T h e  

fin a l step w as to counterstain w ith  safranin so lu tio n  fo r  10  m in u te s . T h e  cells staining
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p u rp le  w e re  cla ssifie d  as G r a m  p o s itiv e  cells and the cells staining p in k  w e re  classified as 

G r a m  n e g a tive  cells ( B r o c k  &  M a d ig a n , 1 9 9 1 ) .

M otility Test

A n  a liq u o t (5 m L )  o f  n u trie n t b ro th  ( O x o i d , E n g la n d )  c o n ta in in g  0 .5 %  technical 

agar ( O x o i d  n u m b e r 3 ) w e re  added to  a b ijo u  b o ttle  to  p ro d u c e  s lo p p y  agar. A  piece o f  

glass tube (5 m m  d iam e te r) e x te n d in g  a b o ve  the le v e l o f  the b ro th  / agar so lu tio n  w as 

add e d  to  b o ttle . T h e  bottles w e re  au to clave  at 1 2 1  ° C  fo r  15 m in u te s . T h e  s lo p p y  agar w as 

in o c u la te d  w ith  the test bacteria b y  in o c u la tin g  the bacteria in sid e  the glass tu b e. I f  

b acterial g ro w th  w as o b se rve d  on the surface o f  the agar ou tside  the tu b e , this w as 

e vid e n c e  o f  passage th ro u g h  the s lo p p y  agar and it w a s p re su m e d  that the bacteria w ere 

m o tile .

Catalase Test

A  sam ple o f  the test bacteria w as place in  a clean p e tri-d is h . A  d ro p  o f  h y d ro g e n  

p e ro x id e  ( 1 0 0  v o lu m e ) w as added to  the test bacteria. I f  b u b ble s w e re  ob serve d  

im m e d ia te ly  it w as assum ed that the bacteria possessed the e n z y m e  catalase, w h ic h  

c o n v e rts h y d ro g e n  p e ro x id e  to w a te r and o x y g e n .

Oxidase Test

T h e  test bacteria w e re  place d o n a clean filte r  pap e r u sing  a w o o d e n  stic k. A  d rop  

o f  the o xid a se  reagent ( B i o M e r e u x , F ra n c e ) w as add e d  to the test bacteria. I f  a b la c k  

c o lo ra tio n  occu rre d  w ith in  10  seconds it w as p re su m e d  that the bacteria w e re  o xidase 

p o s itiv e .
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P r e p a r a t i o n  o f  C e l l - F r e e  E x t r a c t s

T h e  bacterial cells w ere fra c tio n a te d  u sing  a h o m o g e n is e r in  o rd e r to extract the 

O M P s  fo r  later a n a lysis. T h is  process w as v a lid a te d  in  o rd e r that a suitable tim e  p e rio d  w as 

a p p lie d  to  d isru p t the cells ( D in n in g , 19 9 5 ). T h e  leakage o f  c y to s o lic  constituents (e .g . free 

bases, in o rg a n ic  phosphates) fr o m  the cell in to  the b acterial b a th in g  so lu tio n  w as m easured 

as an increase in  the absorbance (E260nm )-

Determination o f  Homogenising Time

C e lls  w e re  prepared using a h a n d -h e ld  h o m o g e n is e r ( U l t r a  T u r r a x  T 8 , S 8 N - 5 G , 

I K A  L a b o r te c h n ik , S ta u fe r, G e r m a n y ). T h e  m in im u m  re q u ire d  tim e  o f  h o m o g e n is in g  in 

o rd e r to y ie ld  the m a x im u m  abso rb an c y o f  the su pem atent w as d e te rm in e d  b y  p lo ttin g  

h o m o g e n is in g  tim e  ( H t )  against E260nm-

Preparation o f  Cells

A n  a liq u o t (5 m L )  o f  o v e rn ig h t culture o f  P. aeruginosa  ( l x l O 9 C F U  m L _1) g ro w n  

in  R 2 A  m e d iu m  w as c e n trifu g e d  at 5 0 0 0 g ( I E C  C e n tr a -4 B )  fo r  2 .5  m in u te s . T h e  p ellet w as 

w a sh e d  three tim e s in  phosph ate b u ffe r ( p H  7 .2 ) ,  and then resuspended in phosph ate b u ffe r 

(2  m L ) .  H t  w as d e te rm in e d  b y  h o m o g e n is in g  prepared cells o n ice fo r  10  seconds, the cell 

suspension w as c e n trifu g e d  at 10 5 0 0  g fo r  1 m in u te  ( M S E  M ic ro c e n ta u r) in  o rd er to 

re m o v e  a n y  cell debris fr o m  the supernatant (c y to s o l). T h e  o p tic al d e n sity o f  the 

supernatant w as m e asured at E260nm  u sing  a J e n w a y  6 10 5  u v  / v is  sp e ctro p ho to m e te r. T h e  

sp e c tro p h o to m e te r w as b la n k e d  u sing  fresh p h o sphate b u ffe r. T h is  process w as repeated at 

10  second in te rva ls up  to 1 m in u te , and e v e ry  m in u te  u p  to  5 m in u te s , u n til the optical 

d e n s ity readings ceased incre asing. T h e  H t  d e te rm in e d  fo r  P. aeruginosa  w as 2 .5  m in u te s , 

this w as w h e n  the E260nm  ceased incre asing.
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Bicinchoninic Acid (BCA) Assay for Protein Quantification

T h e  b ic in c h o n in ic  acid ( B C A )  assay w as o rig in a lly  described b y  S m ith  et al,

(1 9 8 5 ) . I t  is d epe nd ent o n  the c o n v e rsio n  o f  C u 2+ to  C u + u n d e r a lk a lin e  c o n d itio n s and is 

th e re fo re , sim ila r to the tra d itio n a lly  used L o w r y  m e th o d  ( L o w r y  et al, 1 9 5 1 ) . H o w e v e r , 

B C A  is stable u n d e r a lkalin e  co n d itio n s and th e re fo re , the assay can be p e rfo rm e d  in  a 

one -step  process (W a lk e r , 19 8 4 a ). T h e  assay is also consid e re d  to be m o re  to le ra nt to  a 

range o f  detergents and de natu rin g  agents that are k n o w n  to  interfere w ith  the L o w r y  

assay, a lth o u g h  it is m o re  sensitive to re d u c in g  sugars ( W a lk e r , 19 8 4 b ).

B ic in c h o n in ic  a c id , s o d iu m  salt ( B C A - N a )  reacts w ith  c uprous io n  ( C u +) in  

a lkalin e  c o n d itio n s fo rm in g  an intense p u rp le  c o m p le x , this p u rp le  c o lo ra tio n  can be 

m o n ito re d  at 5 6 2 n m  in  o rd e r to d eterm ine the p ro te in  c o n c e n tra tio n , (S m ith  et al, 19 8 5 ). A  

standard assay (detects in  the range o f  0 .1  to 1 .0  m g  p ro te in  m L ^ a n d  a m icro assa y (0 .5  to 

10  jig  p ro te in  m L _1) h a ve  been described (W a lk e r , 19 8 4 a ).

Preparation o f  Solutions fo r  the Standard Assay

A  sto ck o f  reagent A  w as p re p a re d , ( B C A - N a ,  1 %  ( w / v ) ; s o d iu m  carbo nate , 2 %  

( w / v ) ; s o d iu m  tartrate, 0 .1 6 %  ( w / v ); s o d iu m  h y d r o x id e , 0 .4 %  ( w / v ); s o d iu m  b icarb o n ate , 

0 .9 5 %  (w / v ) d is s o lv e d  in  50 m L  o f  d istille d  w a te r), the p H  w as adjusted to  p H  1 1 .2 5  using 

1 M  N a O H .  T h e  sto ck o f  reagent B  com prises o f  c o p p e r sulphate ( 4 %  w / v ) . D ir e c tly  p rio r 

to  p ro te in  e stim a tio n  reagent C  w as prepared b y  a d d in g  10 0  v o lu m e s  o f  so lu tio n  A  to  2 

v o lu m e s  o f  so lu tio n  B ,  e nsuring an apple green c o lo ra tio n  d e v e lo p e d .

Preparation o f  Standard Curve

A liq u o t s  w e re  w ith d ra w n  fr o m  a l m g  m L "1 sto c k  o f  B o v in e  serum  a lb u m in  ( B S A )  

and d ilu te d  w ith  d H 2 0  to  g iv e  a total v o lu m e  o f  50 pL. F in a l  B S A  conce ntrations ranged

fr o m  0 m g  m L ’ 1 to  1 m g  m L ’ 1 o f  p ro te in . A n  a liq u o t 1 m L  o f  reagent C  w as added to each 

tube and inc u ba te d  at 3 7 ° C  fo r  30 m in u te s . T h e  abso rb an c y w as m e asured at 5 6 2 n m
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(N o v a s p e c  I I ,  L K B )  an d  p lo tte d  against k n o w n  p ro te in  estim a tio ns to p ro d u c e  a standard 

c u rve  ( F ig u r e  7 ) .

Analysis o f  Samples

A liq u o t s  (5 p L  o r 10  / z L )  o f  the test sam ples w e re  d ilu te d  to  a total v o lu m e  o f  50 / z L  

w ith  d H 20 .  A n  a liq u o t ( 1  m L )  o f  reagent C  w as added a nd  sam ples w e re  incu ba te d  at 3 7 ° C  

fo r  30 m in u te s . T h e  absorb an cy w as m e asured at 5 6 2 n m  an d  c o m p a re d  against the 

standard c u rv e  (F ig u r e  7 )  in o rd e r to estim ate p ro te in  c o n c e n tra tio n .
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F i g u r e  7 :  S ta n d a rd  c u rv e  fo r  the e stim atio n o f  p ro te in  ( B o v in e  S e ru m  A l b u m i n  ( B S A ) )  

c o n c e n tra tio n  u sing  the B ic in c h o n in ic  A c i d  ( B C A )  assay. E r r o r  bars are c a lcu la te d  as the 

standard d e v ia tio n  o f  the in d iv id u a l data p o in ts.
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Separation
P r o t o c o l s  f o r  t h e  P r e p a r a t i o n  o f  S D S - P o l y a c r y l a m i d e  G e l s  f o r  P r o t e i n

Preparation o f  Separating G el Mixture

S to c k  a c ry la m id e  so lu tio n  ( 1 0  m L ;  a c ry la m id e , 7 3  g ; b is -a c ry la m id e , 2  g ; d iss o lve d  

in  d is tille d  w a te r, 2 5 0  m L ) ,  d istille d  w a te r, 1 2  m L ;  and stock separating b u ffe r ( 7 .5  m L ;  

S D S ,  1 g ; " T r is "  b u ffe r , 4 5 .5  g ; m ad e u p  to  2 5 0  m L  w ith  d e io n is e d  w a te r, p H  8 .0 ) w ere 

a dd e d  tog e the r and degassed. S to c k  a m m o n iu m  p ersulphate s o lu tio n  (45  / x L ; 1 0 %  w / v ) and 

N ,N ,N ',N '- te tr a m e t h y l- e th y le n e d ia m in e  ( T E M E D ;  15 /xL) w e re  add e d  to b e g in  the 

p o ly m e ris a tio n  process. T h e  m ix tu re  w as m ix e d  g e n tly  to a v o id  re -g a s sin g , and p o u re d  

in to  a prepared gel cast (0 .5 m m  th ic k : m i n i - P R O T E A N  I I ,  B io r a d ). T h e  gel w as o v e rla y e d  

w ith  w ater-satu rated  b u ta n -2 - o l , and le ft to set fo r  a p p ro x im a te ly  l h .

Preparation o f  Stacking G el Mixture

S to c k  a c ry la m id e  s o lu tio n , 7 5 0  /x L; d is tille d  w a te r, 3 m L ;  sto c k  stacking gel b u ffe r , 

( 1 .2 5  m L ;  S D S , 1 g ; and " T r is "  b u ffe r , 1 5 . 1  g ; m a d e  up  to 2 5 0  m L  w ith  deionised w a te r, 

p H  6 . 8) w e re  m ix e d  to g e th e r and degassed. S to c k  a m m o n iu m  pe rsu lph ate  so lu tio n (1 5  /x L) 

an d  T E M E D  (5 /x L) w e re  added and the contents w ere g e n tly  m ix e d  to  a v o id  a n y re 

g assin g. T h e  b u ta n -2 -o l o v e rla y  w as re m o v e d  fr o m  the p o ly m e ris e d  separating g e l, and the 

surface w as rinsed w ith  d is tille d  w a te r to re m o v e  a n y  traces o f  b u ta n -2 -o l. T h e  stacking gel 

w as p o u re d  o v e r the separating g e l, and a llo w e d  to  set fo r  a p p ro x im a te ly  45 m inutes w ith  

a c o m b  (0 .5  m m , 10  w e lls , B io r a d ) in  place . O n c e  the stacking gel h a d  set the com bs w e re  

g e n tly  re m o v e d  and the w e lls  w ere w a sh e d  w ith  d istille d  w a te r to  re m o v e  any traces o f  

b u ffe r . T h e  gel w as transferre d to a m i n i - P R O T E A N  I I  s y s te m , B io r a d , the u p p er and 

lo w e r  b u ffe r  cham be rs w e re  fille d  w ith  re s e rvo ir b u ffe r  (g ly c in e , 0 .1 9 2 M ; " T r is " , 0 .0 2 5 M ; 

an d  S D S  ( 0 . 1 %  w / w ), ensu rin g  the w e lls w e re  fille d  w ith  b u ffe r.
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Protocols for the Staining of Polyacrylamide Gels following the Separation
of Proteins

Coom assie Brilliant Blue R250 Staining

T h e  gels w e re  im m e rs e d  in  coom assie b rillia n t b lu e  R 2 5 0  (0 .2 5 g  in  m e th a n o l, 125  

m L ;  g lacial acetic a c id , 25 m L ;  w a te r, 10 0  m L )  and g e n tly  agitated u sing  an o rb ita l shaker 

(S tu a rt S c ie n tific , U K )  fo r  betw e e n 2 and 1 2  h o u rs. T h e  gels w e re  destained b y  im m e rs in g  

in  destaining s o lu tio n  (m e th a n o l, 4 5 0  m L ;  g lacial acetic a c id , 10 0  m L ;  w a te r, 4 5 0  m L )  

w ith  gentle a g ita tio n  u sing  an o rb ita l shaker (S tu a rt S c ie n tific , U K )  fo r  b e tw e e n 3 and 4  

hours o r u n til the b a c k g ro u n d  c o lo u r h a d  disappeared and a clear b a n d in g  pattern w as 

o b se rve d  ( W a lk e r , 19 8 4 b )

Silver Staining

S ilv e r  sta in in g  can detect 0 .1  to  1 n g  o f  p ro te in  p e r b a n d  and it is th e re fo re , a useful 

techniqu e w h e n  the p ro te in  co nce ntratio n is lo w . T h e  gels w e re  im m e rs e d  in  f ix in g  

so lu tio n  (5 0 %  m e th a n o l, 10 0  m L ;  1 2 %  g lacial acetic a c id , 2 4  m L ;  3 7 %  fo rm a ld e h y d e , 10 0  

ju L ; m ad e u p  to  2 0 0  m L  w ith  d istille d  w a te r) f o r  a m in im u m  o f  60 m inu tes b u t m a y  be left 

o v e rn ig h t. T h e  gels w e re  transferred to w a sh  A  ( 5 0 %  e th a n o l, 2 5 0  m L ;  m ade u p  to  500 m L  

w ith  d is tille d  w a te r) fo r  20  m in u te s , this step w as repeated tw ic e . T h e  gels w e re  place d in 

pretreat so lu tio n  (s o d iu m  th io s u lp h a te .5 H 20 ,  0 .0 4 g ; m a d e  u p  to  2 0 0  m L  w ith  d istille d  

w a te r) fo r  one m in u te , and then w ash e d  in d istille d  w a te r fo r  20  seconds, this w as repeated 

three tim e s. T h e  gels w ere transferred to  im pre g n a te  s o lu tio n  (a n h yd ro u s s ilve r nitrate, 

0 .4 g ; 3 7 %  fo rm a ld e h y d e , 15 0  / / L ; m a d e  up to  20 0  m L  w ith  d istille d  w a te r), and then 

w a sh e d  tw ic e  in  d is tille d  w ate r fo r  2 0  seconds. T h e  gels w e re  p lace d  in d e v e lo p  so lu tio n  

(a n h yd ro u s s o d iu m  carbo na te , 1 2 g ; 3 7 %  fo rm a ld e h y d e , 10 0  / x L ; s o d iu m  th io su lp h ate .5  

H 20 ,  0 .0 0 0 8 g ; m a d e  u p  to 200 m L  w ith  d istille d  w a te r) fo r  as lo n g  as re q u ire d  u n til the 

bands w e re  c le a rly  v is ib le . T h e  gels w e re  w a sh e d  tw ic e  in  d is tille d  w a te r fo r  20  seconds 

and then transferre d to stop so lu tio n  ( 5 0 %  m e th a n o l, 10 0  m L ;  1 2 %  g lacial acetic a c id , 2 4  

m L ;  m ade u p  to  2 0 0  m L  w ith  d istille d  w a te r) fo r  10  m in u te s . T h e  gels w ere fin a lly  place d
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in  w a sh  B  (5 0 %  m e th a n o l, 2 5 0  m L ;  m ade up  to 5 0 0  m L  w ith  d is tille d  w a te r) fo r  20  

m in u te s . T h e  gels m a y  be stored in w a sh  B  fo r  3 to 4  w e e k s at 4 ° C  (W a lk e r , 19 8 4 c ).

Protocols fo r  the Staining o f  Lipopolysaccharide G els

T h e  lip o p o lysa c c h a rid e  gels w ere stained a c c o rd in g  to Pre sto n  &  P e n n e r, 1 9 8 7 .  

T h e  gels w e re  im m e rs e d  in  f ix in g  so lu tio n  (e th a n o l, 4 0 0  m L ;  glacial acetic a c id , 50 m L ;  

m a d e  u p  to  1 L  w ith  d istille d  w a te r). T h e  gels w e re  transferre d to  o x id is in g  so lu tion 

(p e rio d ic  a c id , 3 .5  g ; e th a n o l, 2 0 0  m L ;  g lacial acetic a c id , 25 m L ;  m a d e  u p  to  500 m L  w ith  

d is tille d  w a te r) fo r  fiv e  m inu tes and then w a sh e d  fo r  15  m in u te s in  d istille d  w a te r, this w as 

repeated tw ic e . T h e  gels w e re  im m e rs e d  in  fre s h ly  pre pare d  staining  agent (concentrated 

N H 4O H ,  2  m L ;  0 . 1 M  N a O H ,  28 m L ;  2 0 %  w /v  A g N 0 3, 5 m L ;  d istille d  w a te r, 1 1 5  m L )  

w h ic h  w as p repared b y  a d d in g  the N H 4O H  to the N a O H ,  the A g N 0 3  w as added w h ils t

stirrin g , the transient b ro w n  c o lo u r sh o u ld  ra p id ly  d isap pear and then the w a te r w as added. 

T h e  gels w e re  agitated v ig o r o u s ly  o n an orb ita l sh aker (S tu a rt S c ie n tific , U K )  fo r  10  

m in u te s , a n d  the n tw ic e  w a sh e d  in d istille d  w a te r fo r  10  m in u te s . T h e  gels w e re  transferred 

to d e v e lo p e r so lu tio n  (citric a c id , 0 .0 5  g ; 3 7 %  fo rm a ld e h y d e , 0 .5  m L ;  m a d e  u p  to  1 L  w ith  

d is tille d  w a te r) fo r  2 to 5 m in u te s . T h e  d e ve lo p e r s o lu tio n  w as decanted fr o m  the gels at 

the firs t sig n o f  d isc o lo ra tio n  and w a sh e d  three tim e s in  d istille d  w a te r. T h e  gels w ere 

stored in  d is tille d  w a te r at 4 ° C  fo r  u p  to one w e e k .
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Recovery of an Active Form of the 5-Chloro-N-Methylisothiazolone (CMIT)

T h e  is o th ia zo lo n e  b iocides re a d ily  react w ith  th io l groups ( C o llie r  et al, 19 9 0 b ). It  

w a s necessary to  re c o ve r u n -reacted  C M I T  fr o m  the sam ple p r o v id e d . T h e  reacted C M I T  

e x h ib ite d  a p e a k  at a w a v e le n g th  o f  26 0  n m , w h ils t u n -reacted  C M I T  w as ob serve d  at a 

p e a k  o f  28 0  n m  (F ig u r e  8 ). T h e  reacted and u n -re ac te d  C M I T  w e re  separated using flash  

c h ro m a to g ra p h y  and the pure fractions id e n tifie d  u s in g  u v  / vis sp e c tro m e try.

Preparation o f  Column

A  loose slu rry o f  silica gel (the b e d  le n gth  w as a p p ro x im a te ly  50 m m ) and 

p e tro le u m  ether (fra c tio n ) w as prepared and g e n tly  p o u re d  d o w n  the side o f  a c la m p e d  

c h ro m a to g ra p h y  c o lu m n  (le n g th , 2 4 0  m m ; d ia m e te r, 4 0  m m ; p o r o s ity , 3 sinter). A n y  

excess slu rry  w as w a sh e d  d o w n  the side o f  the c o lu m n  w ith  p e tro le u m  ether. T h e  c o lu m n  

w as ro lle d  b e tw e e n  the hands to re m o v e  a n y a ir b u b b le  as these w o u ld  result in  the c o lu m n  

c ra c k in g . T w o  pieces o f  filte r paper w ere g e n tly  p lac e d  o n to p  o f  the c o lu m n . T h e  petrol 

w as p u m p e d  o u t o f  the c o lu m n  u n d e r pressure u n til the to p  filte r w a s d r y , the c o lu m n  w as 

c a re fu lly  pressed d o w n  u sing  a glass ro d , e n su rin g  a le ve l su rface. T h is  process w as 

repeated u n til the excess p e tro le u m  ether w as re m o v e d . A  la ye r o f  to lu e n e  w as o v e rla y e d  

to a de pth  o f  1 m m  and a llo w e d  to run th ro u g h  the c o lu m n  u n d e r pressure. T h is  ensured 

the c o lu m n  ran e v e n ly  because to lu le ne  appeared as a g re y  c o lo u r o n  the c o lu m n .

Preparation o f  Sample

C M I T  ( 1  g ) w as added to d istille d  w a te r (2 0  m L )  and the p H  w as adjusted to p H  7  

u s in g  s o lid  s o d iu m  b ic arb o n ate . T h e  so lu tio n  w as add ed  to a separating fu n n e l and 4  x  30 

m L  a liq u o ts o f  c h lo ro fo rm  w e re  added. T h e  separating fu n n e l w as shaken and ve n te d  three 

tim e s afte r each a d d itio n  o f  c h lo ro fo rm  and the so lu tio n  w as a llo w e d  to settle in to  tw o  

la ye rs . N a C l  (a p p ro x im a te ly  0 .5  g ) w as added an d  the so lu tio n  w as shaken and ve n te d  

again a nd  then a llo w e d  to settle in to  tw o  la ye rs . T h e  tw o  layers w e re  run o u t o f  the 

se parating fu n n e l, the to p  la ye r fr o m  the to p  o f  the fu n n e l and the b o tto m  la ye r fr o m  the
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bottom. The sample is contained in the solvent layer. Anhydrous magnesium sulphate was 

added to the solvent layer to dry off any excess water and then removed from the solution 

by filtration. The solvent layer was rotor-evaporated (Buchi, Switzerland) to produce a 

solid which was redissolved in 1 mL of chloroform.

Recovery of Active CM1T from sample

Active CMIT was recovered from the sample using flash-chromatography. The 

sample was added to the surface of the column using a Pasteur pipette and overlayered 

with toluene. The first elution fraction of chloroform and n-hexane (Table 1) was added to 

the column. The fractions were eluted from the column in approximately 5 mL aliquots 

under pressure. The remaining elution fractions were added to the column ensuring the 

column was not allowed to dry out. Ultra-violet visible spectrometer (Perkins Elmer, 

Model Lambda 2, England) studies using, were performed on all the fractions in order to 

establish which fraction contained the active form of the biocide.
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Table 1 : Elution system used to extract the active form of the biocide CMIT from the 

sample (All fractions were in 50 mL aliquots).

Fraction Chloroform (%) n-hexane (%)

1 0 100

2 10 90

3 20 80

4 30 70

5 40 60

6 50 50

7 40 60

8 30 70

9 20 80

10 10 90

11 0 100

The fraction which contained the most reactive CMIT was fraction number eight (Figure

9 ) .
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X: USKH037; &bsc 370.0- 280.0; pts 35; int 5.00; ord -0.065-1.4749; A 
inf: 15:56:44 99/07/20

m

Figure 8: Profile of the reacted and unreacted forms of CMIT from the U/V vis 

spectrometer. The peak at 225 nm is the reacted form and the peak at 280 nm is the 

unreacted form.
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Statistical Methods

All experiments in this project were designed to allow for statistical analysis and 

were performed in triplicate. Experimental data presented in this thesis represent the mean 

of those triplicate data sets. Where Standard Error bars are shown these were calculated via 

the methods of Jarrell (1994) Where Standard deviation. Error bars are shown these were 

calculated using the standard deviation of the data set.
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Chapter Three

The Growth Inhibitory and Biocidal Activity of the 
Isothiazolone Biocides

The aim of in vitro antimicrobial susceptibility testing is to evaluate growth in the 

presence of various antimicrobial agents in order to determine the activity of such agents 

and determine if biocidal or biostatic activity is demonstrated. In order to assess the 

inhibitory activity of the isothiazolone biocides, the growth characteristics of 

Pseudomonas aeruginosa PAOl and biocidal activity of the four biocides used in the 

investigation must be demonstrated. Initially the growth characteristics of P. aeruginosa in 

the appropriate media were evaluated, before exposing the bacteria to the biocides.

When studying the mechanism of antibacterial action a quantitative assessment of 

the activity of the biocides must be carried out under relevant growth conditions 

(Bloomfield, 1991). The biocidal agent is assessed according to static or biocidal activity; 

static action results in the prevention (biocidal activity) or inhibition (static activity) of 

growth and is reversible if the biocide is removed or neutralised, whereas biocidal action is 

a non-reversible and lethal action which kills the cell (Bloomfield, 1991). When examining 

a population of cells, it is difficult to determine whether the action of the biocide is 

biocidal or biostatic. This is because some cells may be dying whilst others are actively 

dividing (Bloomfield, 1991). In addition, the concentration of the biocide may in part 

dictate the action of the biocide, at high concentrations biocidal action may be 

demonstrated whilst at low concentrations the action may be biostatic (Bloomfield, 1991). 

The action of antibacterial agents may occur on a particular site or numerous sites within 

the cell. In order to effectively assess the action of the biocide it is important to understand 

the factors which may affect the activity of the agent in relation to biochemical effects 

(Bloomfield, 1991).

Traditional microbiologists use total and viable count methods in order to assess 

the growth of bacteria. These techniques are still used today, however, concern has arisen
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as to the accuracy by which they assess bacterial growth, and in turn predict the 

effectiveness of an antimicrobial agent. Magee et al, (1997) postulated that data spanning 

the past 50 years indicated that the plate count method is an invalid predictor of the viable 

count. It was suggested that although data should be expressed in colony forming units per 

mL of overnight culture (CFU mL"1), the dogma of one colony being equivalent to one 

single microorganism should be rejected. In addition estimations were inaccurate when 

high serial dilutions were required. The plate method is thought to have survived 

throughout this period due to its practical simplicity and inexpense, and not due to its 

scientific validity. Although it works relatively effectively in the clinical situation, 

whereby the cells are often estimated in terms of life or death. However, a new method is 

required in order to assess microbial numbers in relation to antimicrobial susceptibility.

The Growth Characteristics of Pseudomonas aeruginosa PAOl.

The growth of P. aeruginosa can be assessed by three different methods, these are 

total count, viable count and measures of turbidity (optical density). Bacteria grow by cell 

division (binary fission) and, therefore, growth can be assessed by the total number of 

bacteria present at one time (Fuchs & Kroger, 1999). This can be achieved by a direct 

count (total count). However, this method does not distinguish between living and dead 

cells. It is, therefore, an inappropriate method to use to assess the activity of an 

antimicrobial agent. A more useful method is to assess the viable count, whereby a sample 

is diluted in order to determine the number of colonies on an agar plate. This enables the 

colony forming units per mL of culture to be calculated (CFU mL"1) for any given time. 

The size of the bacterial cell lies within the order of wavelength of visible light and can be 

measured using a spectrophotometer to measure the turbidity (Fuchs & Kroger, 1999). The 

intensity of light passing through a given culture is related to the absorbancy (Fuchs & 

Kroger, 1999). This technique is only accurate when the absorbancy at 470 nm is less than 

0.5. Therefore, above this point the sample must be diluted (Lawrence & Maier, 1977).
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The Growth of Pseudomonas aeruginosa PA01

An aliquot (25 mL) of R2A medium was inoculated with a pure culture of P. 

aeruginosa PAOl from a streak plate, in 100 mL erlenmeyer flask. The flask was 

incubated overnight at 37°C, 200 osc min"1 in an orbital incubator (Gallenkamp INA-305). 

A fresh aliquot of R2A medium was inoculated with 250 /xL of an overnight culture of P. 

aeruginosa. This was performed in duplicate. The cultures were incubated at 37°C, 200 

osc min’1 in an orbital incubator (Gallenkamp INA-305).

Assay for Growth

At hourly intervals an aliquot (1 mL) of culture was removed and the optical 

density was measured at 470nm using a spectrophotometer (Novaspec II LKB town). The 

sample was aseptically replaced in the respective flasks, so that the volume:surface area of 

the flask did not significantly alter and hence, the aeration rate remained constant 

throughout the duration of the experiment. If the optical density reading was greater than 

0.5 at E470nm> a 1 in 10 dilution of the culture was performed in sterile medium (Lawrence 

& Maier, 1977). This was not returned to the flask but discarded. The E470nm of this dilution 

was observed and the volume multiplied by 10 to give the actual accurate, corrected 

optical density.

Viable Count

An aliquot (100 jLiL) of culture was aseptically removed and serially diluted in the 

range of 1 x 10"2 to 1 x 10 10 CFU in 0.9% sterile saline. Aliquots (100 jiiL) of the dilutions 

were placed on R2A or CDM agar plates in duplicate and spread over the surface of the 

plate using a sterile glass spreader. The plates were incubated overnight at 37°C, colonies 

were counted and viable counts were calculated according to the formula (1).

(1) CFU mL'1 = N(1/DF)
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Figures 9 and 10 show the growth curves for P. aeruginosa obtained in R2A and 

CDM media respectively. In R2A medium the lag phase was short, lasting only 2 hours, 

before cells entered the exponential phase. The exponential phase lasted from the second 

hour to the ninth hour, therefore mid-exponential phase was at 5.5 hour after inoculation. 

The doubling time of P. aeruginosa in R2A medium was calculated to be 48 minutes.

Growth in the CDM media was considerably slower. The cells continued in lag 

phase up to four hours. Exponential phase lasted from between the fourth and twelve 

hours, therefore, mid-exponential phase was not observed until the eighth hour after 

inoculation. The doubling time was considerably longer in CDM medium at 132 minutes. 

The bacterial growth is considerably slower in CDM because the supply of nutrients is 

lower than in the nutrient-enriched R2A medium.
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Figure 9: The log10 of the increase in absorbancy (470nm) of Pseudomonas aeruginosa 

PAOl in R2A medium with time. Error bars are calculated as the standard deviation of the 

individual data points.
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Time (hours)

Figure 10: The log10 of the increase in absorbancy (470mii) of Pseudomonas aeruginosa 

PAOl in CDM with time. Error bars are calculated as the standard deviation of the 

individual data points.
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Assessment of Antimicrobial Activity of the Isothiazolone Biocides and
Thiomersal

A quantitative and reproducible method was required in order to assess the 

antibacterial action of the isothiazolone biocides. The general principle in determining the 

minimum inhibitory concentration (MIC) of biocide required to inhibit bacterial growth, is 

to introduce the organism into varying concentrations of the antimicrobial agent with 

optimum nutrients and growth conditions. However, this may promote criticism because in 

the natural environment the bacteria may not have a plentiful supply of nutrients available. 

It is thought that nutrients are limited in the natural environment and, therefore, the 

traditional media used in the culture of bacteria in order to maximise their growth does not 

provide realistic conditions. The artificial conditions created by commercial media 

contains a greater supply of nutrients than found in the natural environment. Following an 

incubation period, generally between 18 to 24h, the culture is visually examined in order to 

determine the concentration of biocide at which growth is inhibited (Bloomfield, 1991). 

One important point to note during the estimation of the MIC is the nature of the 

inoculum. The MIC will vary if the inoculum size is not standardised between experiments 

and, therefore, it is advisable to use a standard inoculum size. The preparation of the cells 

in order to achieve a standard inoculum may also affect the MIC determined. Washed cells 

are routinely prepared by successive centrifugation and resuspension in order to achieve a 

reproducible cell density. However, when subjected to centrifugation forces, a significant 

reduction in the viability of logarithmic phase P. aeruginosa has been observed (Gilbert et 

al, 1995). The subsequent growth of sub-lethally injured cells is significantly reduced 

when the cells are exposed to environmental conditions (Gilbert et al, 1995), for example; 

sub-MIC of antimicrobial agents. In order that the MIC determination is accurate and 

reproducible cultures should be used immediately and not stored for periods of time in a 

refrigerator (Gilbert et al, 1995). Two techniques were utilised in order to determine the 

most suitable method of MIC determination. These were the tube dilution method and the 

growth rate method.
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Tube Dilution Method

The tube dilution or serial dilution method according to Bloomfield (1991), 

provides a quantitative assessment of active concentrations of antimicrobials. However, it 

must be remembered that the actual MIC value lies between the observed maximum 

inhibitory concentration and the minimum inhibitory concentration (Bloomfield, 1991). 

Initially a screening for the MIC point is performed, this involves either a 10-fold increase 

or a doubling of antimicrobial concentration (Bloomfield, 1991). Once the approximate 

value is determined an arithmetical series of not less than eight dilutions is employed, at 

which point the choice of dilutions takes into account the actual concentrations in use 

(Bloomfield, 1991).

Determination of MIC

Aliquots (9 mL) of media (R2A or CDM) were prepared and doubling 

concentrations of biocide were added in 1 mL aliquots, (Table 2) in order to determine the 

initial screening point for the MIC. Tubes were inoculated with 100 fiL of a 19h culture of 

P. aeruginosa PAOl grown at 37°C, 200 osc min'1 and vortexed (Rotamixer, Hook and 

Tucker). The tubes were incubated at 37°C and observed for growth at 19h and 48h. Once 

the initial screening point had been determined the procedure was repeated in order to 

establish the exact MIC. In determining the exact MIC the dilutions ranged between the 

two concentrations where growth was visible and absent (Table 3).
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Table 2: Observation of growth in dilution tubes of Pseudomonas aeruginosa PAOl in 

R2A medium in order to determine the screening MIC of BIT.

Biocide concentration Growth

(fig mU1) 19h 48h

0 + +

1 + +

2 + +

4 + +

8 + +

16 + +

32 + +

64 - -

128 - -

256 - -

+ = Presence of Growth 

- = Absence of Growth
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Table 3: Observation of growth in dilution tubes of Pseudomonas aeruginosa PAOl in 

R2A medium in order to determine the exact MIC of BIT.

Biocide concentration Growth

(fig mL l) 19h 48h

0 + +

30 + +

35 + +
40 + +
45 + +
50 + +
55 - -

60 - -

65 - -

+ = Presence of growth 

- = Absence of growth
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Table 4: Summary of MIC results obtained in R2A medium.

Biocide Screening MIC 

Og/mL'1)

19h 48h

Exact MIC

(jtg/mL1)

19h 48h

BIT 64 64 60 60

MIT 32 32 20 20

CMIT 2 2 1.3 1.3

Thiomersal 16 16 9.5 9.5

Table 5: Summary of MIC results obtained in CDM medium.

Biocide Screening MIC

Oxg/mU1)

19h 48h

Exact MIC

C/xg/mL'1)

19h 48h

BIT 8 8 5.8 5.8

MIT 4 4 2.4 2.4

CMIT 1 1 0.25 0.25

Thiomersal nd nd nd nd

nd = not done
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The MIC values determined by the tube dilution method vary considerably between 

the two different types of media. This is due to quenching of the biocides by the presence 

of accessible thiol groups in R2A medium. The mode of action of the isothiazolone 

biocides and thiomersal is to react oxidatively with accessible thiol groups. Hence, the 

presence of thiol groups in the R2A medium will result in a greater MIC of biocide to 

inhibit the growth of the bacteria (Fuller et al, 1985; Collier et al, 1990b; Chapter 2: 

Ellmans assay).

Growth Rate Method

Cultures of P. aeruginosa were grown in the presence of varying concentrations of 

biocide. An aliquot (250 /xL) of P. aeruginosa was inoculated into R2A media. Cultures 

were incubated at 37°C for 8h in an orbital incubator (Gallenkamp INA-305) at 200 osc 

min"1. After lh varying concentrations of biocide were added to the flasks in 1 mL 

aliquots. The optical density was measured at hourly intervals using a spectrophotometer 

(Novaspec II LKB, Surrey) optical density was plotted against time (Figure 11). The 

growth rate was calculated as a percentage of the control slope and plotted against biocide 

concentration. The curve was extrapolated down to the x-axis in order to determine the 

MIC (Figure 12).

An example of the growth rate curve and gradient curve is shown in Figures 11 and

12. The results are summarised in Table 6 .
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Table 6: Minimum inhibitory concentrations obtained by the growth rate method in 

different media for Pseudomonas aeruginosa PAOl.

Biocide MIC (fig mL"1)

R2A CDM

BIT 44 nd

MIT 39.5 nd

CMIT 2.0 nd

Thiomersal nd nd

nd = not done
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—o—0 ug/mL 
—a— 20 ug/mL 
—o -  30 ug/mL 
— 40 ug/mL 
—a— 50 ug/mL 

■  60 ug/mL 
—x— 80 ug/mL

Figure 11: The effects of varying concentrations of BIT upon the rate of growth of 

Pseudomonas aeruginosa PAOl, when added to early logarithmic phase cultures in R2A 

media.
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Figure 12: The Gradient Slope of Pseudomonas aeruginosa PAOl calculated as a 

percentage of the growth rate when exposed to varying concentrations of BIT cultured in 

R2A media (MIC 50 %: the concentration of biocide giving 50% inhibition of the control 

growth rate; MIC: predicted MIC for the growth rate method).
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It was not possible to obtain MIC results for the growth rate method in CDM 

medium. This was due to the poor growth rate during the eight hours growth period 

throughout the experiment. It was decided that it would not be accurate to extend the 

growth period because the isothiazolone biocides react with accessible thiols as soon as 

they are solubilised and, therefore, a true MIC value would not be obtained. The MIC 

value for the growth rate method can be calculated by two methods. The MIC value can be 

read directly from the interception point on the x-axis, this gives a value of 49 fig mL" 

f ig u r e  12). Alternatively the MIC 50% (the concentration of biocide giving 50% 

inhibition of the culture growth rate) can be determined and then doubled to give an 

estimated MIC (83 fig mL"1). In comparison to the tube dilution method (60 fig mL"1) the 

first method gives a closer estimation of MIC.
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Table 7: Comparison of MIC values determined for the tube dilution and growth rate 

methods.

Biocide Media MIC Determination (jug mL"1)

Tube Dilution Growth Rate

BIT R2A 60 49

MIT R2A 20 39.5

CMIT R2A 1.3 2.0

Thiomersal R2A 9.5 nd

BIT CDM 5.8 nd

MIT CDM 2.4 nd

CMIT CDM 0.25 nd

Thiomersal CDM 0.8 nd

nd = not done
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Ellman’s Assay for the presence of Thiol Groups

The mode of action of the isothiazolone biocides is to react oxidatively with thiol 

groups, therefore the presence of thiols in media quenches the activity of the biocides. The 

Ellman’s assay (Ellman, 1964) can be performed in order to estimate the concentration of 

thiols in the medium and hence, determine the magnitude by which the biocide activity 

may be quenched.

Ellman’s reagent (5,5-dithiobis(2-nitrobenzoic acid) or DTNB) reacts with thiol 

containing agents as detailed below (Figure 13). The reaction results in a yellow 

coloration, which can be assayed at E412nm. The assay determines the cysteine equivalency 

of the reading that is proportional to the total thiol content. A standard curve is constructed 

with known concentrations of cysteine standard and the test samples are compared against 

these standards.

Preparation of Reagent

Tubes were prepared as outline in Table 8 adding sodium phosphate buffer (0.1M 

NaHjPC  ̂ (5.5mL) and 0.1M NajHPC  ̂ (94.5 mL), pH 8.0), distilled water and cysteine 

stock (0.05 g L"1) or test sample (table 8). The stock DTNB (30.8 mg in 100 mL deionised 

water) was the final component to be added. The tubes were vortexed (Rotamix, Hook & 

Tucker) and incubated at room temperature for 15 minutes and the optical density (E4i2nm) 

was determined. Tube 11 (Table 8) was used as a reagent blank.
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Figure 13: Schematic diagram of the reaction of Ellmans Reagent with Thiol groups.



Table 8: Preparation of tubes in the Ellman’s assay.

Tube Vol. of
Buffer
(mL)

Vol. of 
DTNB 
(mL)

Vol. Of
Cysteine
Stock
(0.05 g
L 1)
(mL)

Vol. Of
Water
(mL)

Vol. Of 
R2A 
Media 
(mL)

Vol. Of 
CDM 
Media 
(mL)

Average
Optical
Density
(470nm)

1 1 1 1000 2.0 - - 0.073

2 1 1 900 2.1 - - 0.057

3 1 1 800 2.2 - - 0.043

4 1 1 700 2.3 - - 0.037

5 1 1 600 2.4 - - 0.030

6 1 1 500 2.5 - - 0.021

7 1 1 400 2.6 - - 0.022

8 1 1 300 2.7 - - 0.007

9 1 1 200 2.8 - - 0.007

10 1 1 100 2.9 - - 0.007

11 1 1 0 3.0 - - 0

12 1 1 - - 3 - 0.0175

13 1 1 - 2.7 0.3 - 0

14 1 1 - 2.97 0.03 - 0

15 1 1 - - - 3 0

16 1 1 - 2.7 - 0.3 0

17 1 1 - 2.97 - 0.03 0

- = no addition.
Tubes 1 to 11 = standard curve 
Tubes 12 to 17 = test samples.
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A standard curve was prepared (Figure 14). The accessible thiol-groups (as cysteine 

equivalency) contained in the medium can then be estimated from the graph. The 

absorbancy of tube 12 is extrapolated on the graph and it is possible to estimate the 

concentration of accessible thiol-groups present in the R2A is 0.05 fig mL’1. Therefore, the 

activity of the biocides in the R2A medium is quenched by a factor of 0.05 fig mL’1. 

Hence, this must be taken into account when estimating the MIC values in the R2A 

medium. There were no detectable thiol-groups present in the CDM, hence the effect of 

the biocides is not quenched by this medium. The absorbancy (E^nm) of tube 12 was 

0.0175. Therefore, from the standard curve the cysteine concentration equals 0.00029 g L’ 

\ Taking into account the dilution factor this is equal to 0.00145 g L"1, which is equivalent 

to 1.45 fig mL’1.
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Table 9: Comparison of tube dilution MICs determined for the four biocides in R2A and 

CDM media, taking into account quenching by accessible thiol-groups.

Biocide MIC (pg mL ‘)

R2A R2A R2A CDM

(minus quenching factor) (% difference)

BIT 60 58.55 1.8 5.8

MIT 20 18.55 7.25 2.4

CMIT 1.3 -0.15 - 0.25

Thiomersal 9.5 8.05 15.2 0.8
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Figure 14: Standard Curve for the Estimation of accessible Thiol Groups (Ellmans Assay).
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Thiomersal
The Biocidal Activity o f the Thiol-Interactive Isothiazolone Biocides and

The mode of action of biocides may be less specific than that observed with 

antibiotics (Sox, 1997). Biocidal products may damage many of the cell components and, 

therefore, it may be more difficult to determine whether biocidal or biostatic action is 

responsible (Sox, 1997). Whereas, the effects of an antibiotic usually result from an 

interaction with a single enzyme or macromolecule target within the cell, for example, the 

fluoroquinolones bind DNA gyrase, thus the target site is very specific and it is simpler to 

predict the mode of action (Sox, 1997). Strongly reactive compounds, for example, 

hypochlorite or hydrogen peroxide react with many sites within the bacterial cell, 

therefore, cell death will result from the combined effects upon the cell (Sox, 1997). It has 

been established that the mode of action of the isothiazolone (Collier et al, 1990c) and 

thiomersal biocides (Waigh & Gilbert, 1991) is to interact oxidatively with accessible 

thiol-groups. However, there is a marked variation in the antimicrobial activity of the 

biocides, which is demonstrated by the considerable differences in the observed MIC 

values previously determined. For example, the MIC for BIT in R2A medium is 60 /xg mL' 

\ whereas the MIC for CMIT under the same growth conditions is 1.3 fig mL'1. This is 

thought to be due to an additional reaction that occurs due to the chlorination of the CMIT 

biocide (Collier et al, 1990a; Figure 5). CMIT is thought to demonstrate bactericidal 

activity (Lewis & Miller, 1974). It was demonstrated by Collier et al, (1990b) that CMIT 

exhibits fungicidal activity, however, this study did not observe bactericidal activity with 

this compound. This is thought to be due to the quenching of the biocide by accessible 

thiol groups in the medium and the bacterial cell structure. This is most notably in the 

Gram-negative outer membrane, which is impermeable to hydrophobic antimicrobials. The 

isothiazolone biocides MIT and BIT and the thiol-interactive agent thiomersal only 

demonstrate bacteriostatic activity (Collier et al, 1990b; Waigh & Gilbert, 1991). Upon 

establishment of the minimum inhibitory concentrations it was not possible to distinguish 

if the inhibitory effect is due to bacteriostatic or bactericidal action. Therefore, it was
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necessary to determine the concentration of biocide required in order to kill the bacteria. 

Hence, this would establish whether biocidal or biostatic activity was demonstrated by the 

biocides.

Preparation of growth media

Five flasks with various concentrations of biocide (ranging from 0 fig mL'1 to the 

MIC value of the biocide, and double the MIC) were prepared aseptically in duplicate for 

each biocide (BIT, MIT, CMIT and thiomersal) in R2A and CDM media. The flasks were 

inoculated with lmL of an overnight culture (16 hour) of P. aeruginosa PAOl grown in 

the appropriate culture medium.

Preparation of Sodium Thioglycolate Stock

The sodium thioglycolate has an accessible thiol-group, which quenches the 

activity of the biocides. In order to ensure sufficient thiols were present to quench the 

activity of the biocides, the molarity of thiols in the highest concentration flask was 

determined. This concentration was doubled (resulting in a stoichiometric ration of 2:1, 

sodium thioglycollate to biocide) in order to determine the concentration of sodium 

thioglycolate to apply (Table 10). This procedure ensures that the biocides were quenched 

by excess thiols.
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Table 10: Molarity of sodium thioglycolate required to quench the activity of the thiol 

interactive biocides.

Biocide Media Biocide

(M)

Sodium

Thioglycolate (M)

BIT R2A 1.855 x 10' 11 3.71 x 10'u

MIT R2A 8.26 x 10'12 1.65 x 10'"

CMIT R2A 4.35 x 10 13 8.70 x 10'13

Thiomersal R2A 1.16 x 10'12 2.32 x 10"12

BIT CDM 1.90 x 10'12 3.80 x 10'12

MIT CDM 1.07 x 10'12 2.14 x 10'12

CMIT CDM 8.35 x 10' 14 1.67 x 10~13

Thiomersal CDM 2.47 x 10'14 4.94 x 10'14
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The flasks were incubated in an orbital incubator (Gallenkamp INA-305) at 

37°C,180 osc m in1. At time interval Oh an aliquot (O.lmL) of culture was removed and 

added to the sodium thioglycolate (9.9 mL) solution and incubated at room temperature for 

30 minutes. An aliquot (1 mL) of the sodium thioglycolate / culture suspension was 

serially diluted in the range of 10-3 to 10'7 in sterile 0.9% saline. An aliquot (1 mL) of the 

dilutions was spread onto duplicate R2A or CDM agar plates using a glass spreader. The 

plates were incubated for 24 hours at 37°C. The procedure was repeated at time intervals 2, 

4, 6 and 24 hours. Viable counts were determined and Lethal time 90% (LT 90% ;the time 

taken for a 90% or 1 log cycle reduction in viability) values estimated.

The Biocidal Assay

Table 11: The LT90 and LT90:MIC estimations from the biocidal 

the isothiazolone biocides and thiomersal.

assay for

Biocide LTx-' x 90%

(hours)

Biocide cone 

(Mg mL)1

LT90:MIC ratio

BIT 2.5 8.7 1:3.5

MIT 5 3.6 1:0.7

MIT 4 4.8 1 :1.2

CMIT Nd nd nd

Thio 5.5 0.1 1 :0.02

Thio 4.5 0.2 1:0.04

Thio 5.5 0.3 1:0.05

nd = not done

Discussion
A good bactericidal effect is normally exhibited when the LT90% value is less than 

two hours. Table 11 demonstrates that this was not observed with any of the biocides used 

here. Therefore, it is suggested that the biocides BIT, MIT and thiomersal inhibit growth of 

bacteria by bacteriostatic action rather than bactericidal action. The LT90:MIC ratio is 

normally considered to be indicative of bactericidal action when the ratio is less than 1:4,
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this was observed with all the biocides used. These results indicate that all the biocides 

tested are bactericidal, at or near their MIC value, but that the activity is slow in onset and 

operation. Therefore, the time required, for the LT90% would eliminate the biocides as 

possible bactericidal agents.
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Chapter Four

Induction of Resistance in P s e u d o m o n a s  a e r u g i n o s a  PAOl to the
Isothiazolone Biocides.

B r o z e l  and C lo e te  (1 9 9 4 )  e xp o s e d  P. aeruginosa  to  K a t h o n ™  (a  m ix tu re  o f  1 .1 5  %  

w / v  C M I T  an d  0 .3 5 %  w / v  M I T ) .  T h e y  o b se rve d  an increase in  the m in im u m  in h ib ito ry  

c o n c e n tra tio n  in  response to incre asing conce ntrations o f  the K a t h o n ™  b io c id e . In  the ir 

e x p e rim e n t three cultures w e re  tested in  p arallel o v e r  a 15  d a y  e xp o s u re  p e rio d . T h e  M I C  

increased f r o m  an in itia l v a lu e  o f  300 fiL  L ^  to  6 0 7  /x L L " ^ .  T h e y  o b s e rve d  that the M I C  

o f  the culture s increased at sim ila r rates a n d , th e re fo re , th e y  d id  n o t a ttribu te  the adaptation 

to  a m u ta tio n a l e v e n t, b u t to a specific in tra c e llu lar m e c h a n is m . T h e  is o th ia zo lo n e  biocides 

are k n o w n  to  interact o x id a tiv e ly  w ith  accessible th io l-g ro u p s  ( C o llie r  et al, 19 9 0 a ), 

h o w e v e r , it  w as o b se rve d  that resistant cells d id  n o t p ro d u c e  a n y  is o th ia zo lo n e -q u e n c h in g  

agents ( B r o z e l  &  C lo e te , 1 9 9 4 ). U p o n  S D S - P A G E  analysis it w as o b s e rve d  that a 35 k D a  

o u te r m e m b ra n e  (designated T - O M P )  w as present in  se nsitive o r u n e xp o s e d  ce lls , b u t w as 

absent in  resistant cells ( B r o z e l &  C lo e te , 19 9 4 ). I t  w a s n o te d  that the absence o f  T - O M P  

occu rre d  w ith in  2 4  hours o f  e xp o s u re  to  the b io c id e  an d  w as still suppressed fo llo w in g  7 2  

h ou rs g r o w th  in  b io c id e  free m e d iu m  ( B r o z e l &  C lo e te , 1 9 9 4 ). T h e y  c o n c lu d e d  that this 

a da p tatio n re s u ltin g  in  the suppression o f  the T - O M P ,  w a s a p h e n o ty p ic  a d a p tatio n.

T h e  a im  o f  this ch ap ter w as to ind u ce resistance in P. aeruginosa  P A O l  to the 

three p u re  is o th ia zo lo n e  b io c id e s , B I T ,  M I T  and C M I T  and to  th io m e rs a l. T h io m e rs a l is a 

th io l-in te ra c tiv e  agen t, b u t it is n o t a m e m b e r o f  the is o th ia zo lo n e  g ro u p  o f  c o m p o u n d s and 

is th e re fo re  used as a p o s itiv e  c o n tro l. B r o z e l  an d  C lo e te  in d u c e d  resistance in  P. 

aeruginosa  (isolated  fr o m  a c o o lin g  w a te r sy ste m ) against K a t h o n ™ . K a th o n  is a 

c o m m e rc ia l p ro d u c t consistin g o f  1 .1 5 %  C M I T  an d  0 .3 5 %  M I T  stabilised w ith  M g C l 2  and 

M g N C > 3  ( T h o r  c h e m ic a ls). T h e r e fo r e , the M I C s  o b se rve d  b y  B r o z e l  a nd  C lo e te  (1 9 9 4 ) 

w e re  a re su lt o f  the c o m b in e d  e ffe c t o f  C M I T  an d  M I T .  It  is , th e re fo re , n o t p ossible to 

d e te rm in e  f r o m  the B r o z e l a nd  C lo e te  in v e s tig a tio n  w h ic h  b io c id e  w a s respon sible fo r  the
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d e v e lo p m e n t o f  resistance. T h e  is o th ia zo lo n e  b io c id e s are ne u tralise d  b y  accessible th io l 

g ro u p s . R 2 A  m e d iu m  is a c o m p le x  m e d iu m  w ith  accessible th io l g ro u p s . I t  w a s , the re fo re , 

necessary to  ta ke  in to  account the q u e n c h in g  e ffe c t o f  the m e d iu m  and repeat the 

e x p e rim e n t w ith  a m e d iu m , w h ic h  does n o t c o n ta in  accessible th io l-g ro u p s . T h e  in d u c tio n  

o f  resistance in  this in v e s tig a tio n  w as p e rfo rm e d  ac c o rd in g  to  the B r o z e l  and C lo e te  

m e th o d  w ith  so m e  v a ria tio n s . F o r  e x a m p le , B r o z e l  a nd  C lo e te  c e n trifu g e d  the in o c u lu m  to 

concentrate the cells. T h is  has p re v io u s ly  been o b se rve d  to stress the cells such that the 

M I C s  o b se rve d  w o u ld  be a ffe cte d  (G ilb e r t  et al, 1 9 9 5 ). T h e r e fo r e , in  this in ve s tig a tio n  the 

in o c u lu m  size  w as n o t adjusted b y  c e n trifu g a tio n . B r o z e l  an d  C lo e te  c o n c lu d e d  that the 

loss o f  T - O M P  associated w ith  an increase in  resistance to  K a t h o n ™  w as due to its ro le  as 

a rou te o f  e n try  in to  the cell in te rio r, and suggested th a t T - O M P  is a specific O M P  to the 

is o th ia zo lo n e  b io c id e s.

Induction o f  Resistance

T h e  in d u c tio n  o f  resistance in P. aeruginosa  to  the is o th ia zo lo n e  biocides and 

th io m e rsal w as p e rfo rm e d  a cco rd ing  to  the m e th o d  p re v io u s ly  described b y  B r o z e l &  

C lo e te  ( 1 9 9 4 ) . T rip lic a te  cultures o f  P. aeruginosa  w e re  in c u b a te d  fo r  2 4 h  at 3 7 ° C ,  in an
-i

o rb ita l in c u b a to r (G a lle n k a m p  I N A - 3 0 5 )  at 20 0  osc m in  . T h e  M I C  o f  the respective 

bio cid e s w a s d e te rm in e d  accord ing  to the tube d ilu tio n  m e th o d  ( B l o o m fie ld , 1 9 9 1 )  using a 

standard in o c u lu m  ( 1 0 0  p iL  in  10  m L ;  the o v e rn ig h t cu ltu re w as d ilu te d  to  achieve an
-i

in o c u lu m  o f  1 0 9 C F U  m L  ) . A n  a liq u o t (2 5 0  /x L) o f  the o rig in a l cultures o f  P. aeruginosa 

w as in o c u la te d  in to  fresh m e d iu m  c o n ta in in g  a qu arte r strength c o nc e ntra tio n o f  b io c id e  o f  

the p re v io u s ly  established M I C  ( M I C / 4 ) . T h e  n e w  c u ltu re  w as in c u b a te d  fo r  2 4 h  at 3 7 ° C  in 

an o rb ita l in c u b a to r at 2 0 0  osc m i n 1. T h e  M I C  o f  the n e w  bacterial culture w as 

re d e te rm in e d . O n c e  the M I C  v a lu e  h ad  been re d e te rm in e d  an a liq u o t (2 5 0  /x L) o f  the 

p re v io u s  c u ltu re  w a s in o c u la te d  in to  fresh m e d iu m  c o n ta in in g  M I C / 4  o f  the n e w ly  

established M I C .  T h is  w as repeated u n til ten successive passages h ad  been p e rfo rm e d  in 

the presence o f  incre asing M I C / 4  o f  the b io c id e  (passage n u m b e r e le v e n ). T h is  w as the 

p o in t in  the e x p e rim e n t w h e n  B r o z e l  and C lo e te  d e e m e d  the cells to  be resistant and due to
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tim e  lim ita tio n s  the cells w e re  n o t e xp o s e d  to b io c id e  fo r  a n y  fu rth e r passages, a ltho u gh  

the M I C s  m a y  c o n tin u e  to  increase w ith  fu rth e r e xp o s u re  to the b io c id e s. A t  this p o in t an 

a liq u o t (2 5 0  fiL)  o f  the fin a l cultures in  the presence o f  b io c id e  w a s in o c u la te d  in to  fresh 

m e d iu m  a n d  in c u b a te d  as p re v io u s ly  described. T h e  M I C  v a lu e  w as re d e te rm in e d  b y  the 

tu b e  d ilu tio n  m e th o d  ( B lo o m fie ld , 1 9 9 1 ) . T h is  w as repeated u n til three successive 

passages h a d  been p e rfo rm e d  in  the absence o f  b io c id e . T h is  w a s repeated fo r  R 2 A  

m e d iu m  against all fo u r  biocides ( B I T ,  M I T ,  C M I T  an d  th io m e rs a l) a n d  C D M  against the 

three is o th ia zo lo n e  bio cid e s ( B I T ,  M I T  and C M I T ) .

F ig u r e s  15  to  16  illustrate the o b se rve d  increase in M I C  f o r  all fo u r  biocides in 

R 2 A  m e d iu m  a n d  three biocides in C D M .  I t  w as n o t possible to  establish results fo r  cells 

e x p o s e d  to  th io m e rsal and g ro w n  in  the C D M .  T h is  is th o u g h t to  be due to  the c o m b in e d  

stress o f  g r o w in g  the cells in  a c h e m ic a lly  d e fin e d  m e d iu m  a nd  to  b io c id e  e xp o s u re . T h is  

absence o f  g ro w th  in  C D M  m e d iu m  and c o m b in e d  e xp o su re  to  th io m e rs a l w as p o s s ib ly  an 

e a rly  in d ic a tio n  that the resistance m e c h a n is m  fo r  this c o m p o u n d  d iffe rs  fr o m  that o f  the 

is o th ia zo lo n e  b io c id e s.

Exposure to B IT

T h e  in itia l M I C  against B I T  w h e n  g r o w n  in R 2 A  m e d iu m  w a s 56 fig  m L ~ * . W ith in  

2 4  h ou rs o f  e xp o s u re  to the b io c id e  the M I C  v a lu e  h a d  increased to  a v a lu e  o f  60 fig m L  *  

( F ig u r e  1 5 ) . T h e  M I C  va lu e  g ra d u a lly  increased w ith  each p ro g re s sive  e xp o su re  to the 

b io c id e , u n til passage 1 1  at w h ic h  p o in t the M I C  w as 9 8 .6  fig  m L ~ * .  T h is  represented an 

increase o f  7 6 %  fr o m  the in itia l M I C .  T h e  fo llo w in g  three passages w e re  p e rfo rm e d  in 

b io c id e -fre e  m e d iu m  and im m e d ia te ly  the M I C  v a lu e  decreased to  95 fig m L " *  (passage

1 2 ) . W it h  the  tw o  successive passages in  b io c id e -fre e  m e d iu m  the M I C  decreased in  a 

ste p -w ise  fa s h io n , a nd  at passage 1 4  the M I C  w as 84 fig  m L " * .  T h e s e  results are 

su m m arise d  in  T a b le  1 2 . B y  c o m p a ris o n , the in itia l M I C  f o r  the cells e xp o s e d  to  B I T  

c u ltu re d  in  C D M  w a s 5 .7 3  fig m L " * .  T h is  o b se rve d  M I C  in  C D M  w a s a 1 0 -fo ld  decrease 

in  the M I C  va lu e s w h e n  P. aeruginosa  w as c u ltu re d  in  R 2 A  m e d iu m .
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Figure 15: Increase in MIC for BIT against Pseudomonas aeruginosa PAOl in R2A
medium as a function of passage number. Error bars are calculated as the standard
deviation of the individual data points.
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Figure 16: Increase in MIC for BIT against Pseudomonas aeruginosa PA01 in CDM as a
function of passage number. Error bars are calculated as the standard deviation of the
individual data points.
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T h e  M I C  decreased b y  1 .8 %  w h e n  the q u e n c h in g  a c tiv ity  o f  the th io l-g ro u p s  w e re  take n 

in to  a cco u nt. T h e r e fo r e , the e ffe c t o f  n u trie n t lim ita tio n  h ad  a m a rk e d  e ffe c t o n  the M I C .  

T h e  M I C  values e xp o s e d  to  B I T  w h e n  g r o w n  in  C D M  g ra d u a lly  increased (F ig u r e  1 6 ) , up  

to passage 1 1 .  T h e  cells w e re  then d eem e d  'resistant' and the c o rre s p o n d in g  M I C  w as 9 .0 7  

fig  m L ” * .  T h is  w a s an increase o f  58 % .  Im m e d ia te ly  fo llo w in g  the b io c id e -e xp o su re  

passages the cells w e re  passaged in  b io c id e -fre e  m e d iu m . T h e  M I C  values im m e d ia te ly  

b e ga n  to  decrease, a nd  at passage 1 4  the M I C  h a d  decreased to  6 .4  fig  m L " * .

Exposure to M IT

T h e  in itia l M I C  against M I T  w h e n  the cells w ere c u ltu re d  in  R 2 A  m e d iu m  w as 19 

fig  m L * .  T h is  is c o n s id e ra b ly lo w e r fr o m  the in itia l M I C  against B I T  (56 fig  m L  * ) ,  

in d ic a tin g  that M I T  dem onstrates a greater a c tiv ity  to w a rd s P. aeruginosa  than B I T .  

W it h in  2 4  h ou rs e xp o s u re  to the b io c id e  the M I C  h ad  s ig n ific a n tly  increased. A t  passage 2 

the M I C  v a lu e  w a s 2 8 .6  fig  m L " * ,  an increase o f  a lm o st 1 0  fig  m L ’ *  (F ig u r e  1 7 ) .  T h e  

M I C s  c o n tin u e d  to  increase g ra d u a lly  w ith  e v e ry  successive passage in  the presence o f  

b io c id e . H o w e v e r , in  the m a jo rity  o f  instances, the increase in  M I C  b e tw e e n the passages 

appeared to be in  the range o f  2  to  5 fig  m L ’ * .  A t  passage 1 1  the M I C  h ad  increased to 

4 8 .6 6  fig m L ’ * ,  representing an increase o f  1 5 6 % . H o w e v e r , u p o n  r e m o v in g  the cells fr o m  

the presence o f  the b io c id e  the M I C  b e gan to  decrease. A t  passage 1 4  the M I C  had 

decreased to 3 9 .3  fig  m L " * .  U p o n  e xp o s u re  o f  the cells to  M I T  g r o w n  in  C D M  (F ig u r e  18 ) 

the in itia l M I C  w as 1 0 -fo ld  lo w e r than that o b se rve d  in  R 2 A  m e d iu m , at 2 .4 6  fig  m L  * .  A t  

passage 2 the M I C  h a d  increased b y  10  fig m L " *  to  3 .4  fig m L ~ * .  T h e  M I C  c o n tin u e d  to 

increase u p  to passage 1 1 ,  to  a va lu e  o f  9 .8  fig  m L " * ,  this w as an increase o f  2 9 8 % . W h e n  

the cells w e re  c u ltu re d  in  the b io c id e -fre e  m e d iu m , at passage 1 4  the M I C  h ad  decreased to

9 .0  fig  m L ~ * .
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Figure 17: Increase in MIC for MIT against Pseudomonas aeruginosa PAOl in R2A
medium as a function of passage number. Error bars are calculated as the standard
deviation of the individual data points.
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Figure 18: Increase in MIC for MIT against Pseudomonas aeruginosa PAOl in CDM as a
function of passage number. Error bars are calculated as the standard deviation of the
individual data points.
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Exposure to C M IT

T h e  in itia l M I C  va lu e  fo r  the cells e xp o s e d  to  C M I T  w h e n  g r o w n  in  the R 2 A  

m e d iu m  w as 1 .3  /xg m L *  (F ig u r e  1 9 ) . T h is  is c o n s id e ra b ly  lo w e r  than the M I C s  obtained 

fo r  the o th e r is o th ia zo lo n e  bio cid e s in d ic a tin g  that C M I T  dem onstrates the greatest 

re a c tiv ity  o f  the is o th ia zo lo n e  b io c id e s to w a rd s P. aeruginosa  P A O l .  T h is  is th o u g h t to 

result fr o m  the d iffe re n t m o d e  o f  action o f  C M I T  ( F ig u r e  5 ). T h e  M I C  d id  n o t increase 

u n til passage f iv e  (to  1 .7 6  /xg m L ~ * )  w h e n  the cells w e re  e xp o s e d  to  C M I T .  T h e r e fo r e , it 

w a s n o t u n til the fo u rth  successive passage w ith  b io c id e  that a m a rk e d  M I C  increase was 

o b se rve d . T h e  M I C s  then c o n tin u e d  to  increase in  a ste p -w ise  fa s h io n , a nd  at passage 1 1  

the M I C  h a d  increased to 2 .5  /xg m L " * ,  an increase fr o m  the in itia l M I C  o f  9 2 % . T h e  cells 

w e re  then passaged in  b io c id e -fre e  m e d iu m  and w ith in  the first 2 4  h ou rs a sig n ific a n t 

decrease in  M I C  w as o b se rve d  at 2 .0  /xg m L * .  T h is  v a lu e  d id  n o t decrease a n y  fu rth e r, bu t 

at passage 1 3 , h a d  fa lle n  to  1 .8  /xg m L *  b y  passage 1 4 . U p o n  e xp o s u re  to C M I T  in  C D M ,  

the in itia l M I C  w a s 0 .2 5  /xg m L ~ *  (F ig u r e  2 0 ). A  m a rk e d  increase in M I C  to  0 .3  p g  m L  

'w a s o b se rve d  w ith in  the first passage to  the b io c id e  w h e n  the cells w e re  g ro w n  in  the 

c h e m ic a lly  d e fin e d  m e d iu m . H o w e v e r , the tw o  p ro c e e d in g  passages d id  n o t dem onstrate 

a n y  s ig n ific a n t increase. T h is  d e la y in  the d e v e lo p m e n t o f  resistance is p o s s ib ly  due to  the 

stress o f  g ro w th  in  the C D M  m e d ia  a nd  e xp o su re  to  C M I T  (the m o s t re a ctive  iso th ia zo lo n e  

b io c id e ). A t  passage 5 (that is fo llo w in g  the fo u rth  b io c id e -e xp o s u re ) the M I C  began to 

increase a g a in . A t  passage 1 1  the M I C  o f  the 'resistant' cells w a s 0 .6  /xg m L ~ * ,  this is an 

increase o f  1 4 0 %  fr o m  the o rig in a l M I C .  W h e n  the cells w e re  g ro w n  in  b io c id e -fre e  

m e d iu m  the M I C  values began to  decrease, b y  passage 1 4  the M I C  w as 0 .1 5  /xg m L " * .  

T h is  v a lu e  is lo w e r  than the o rig in a l M I C  o b tain e d  fo r  the se nsitive cells. T h e r e fo r e , this 

m a y  im p ly  that the d e v e lo p m e n t o f  resistance to w a rd s C M I T  varies fr o m  th a t o f  the other 

b io c id e s. A l te r n a t iv e ly , it m a y  be connected to the greater re a c tiv ity  o f  the C M I T  b io c id e .

I l l



Figure 19: Increase in MIC for CMIT against Pseudomonas aeruginosa PA01 in R2A
medium as a function of passage number. Error bars are calculated as the standard
deviation of the individual data points.

1 12



Figure 20: Increase in MIC for CMIT against Pseudomonas aeruginosa PAOl in CDM as
a function of passage number. Error bars are calculated as the standard deviation of the
individual data points.
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Exposure to Thiomersal

T h e  in itia l M I C  fo r  the cells e xp o s e d  to  th io m e rs al w a s 9 .4  /xg m L ~ *  (F ig u r e  2 1 ) .  

W it h in  the firs t passage to the b io c id e  the M I C  h a d  increased b y  ju s t 0 .6  pg  m L ~ *  to 1 0 .0  

pg  m L " ^ . W it h in  the fo llo w in g  9 exposures to  the b io c id e  the M I C  c o n tin u e d  to  increase in 

steps o f  b e tw e e n  0 .3  an d  0 .6  pg  m L  ^. B y  passage 1 1  the M I C  h a d  increased to 1 7 .9 3  pg 

m L ~ * ,  an increase o f  9 1 % . U p o n  the in itia l passage in  the b io c id e -fre e  m e d iu m  the M I C  

c o n tin u e d  to  increase to  1 8 .0  pg  m L ~ * .  T h is  va lu e  re m a in e d  the sam e fo llo w in g  the second 

2 4  passage in  b io c id e -fre e  m e d iu m . I t  w as n o t u n til passage 1 4  that a decrease in M I C  w as 

o b se rve d  at 1 6 .8  pg  m L

The Induction o f  Resistance

T h e  in d u c tio n  o f  resistance to  all fo u r  bio cid e s w a s o b s e rve d  to  o c c u r in  a step-w ise 

fa s h io n . T h is  w o u ld  in d ic a te , as d o  the fin d in g s  o f  B r o z e l  a n d  C lo e te  ( 1 9 9 4 ) , that the 

process o f  a da p tatio n to  the is o th ia zo lo n e  b io c id e s and o th e r th io l-in te ra c tiv e  agents is a 

p h e n o ty p ic  process. T h is  can be su pp o rte d  b y  the o b s e rva tio n  that u p o n  re m o v a l o f  the 

presence o f  the b io c id e  the M I C  valu e s began to  decrease. T h is  w a s , th e re fo re , in d ic a tive  

o f  a p h e n o ty p ic  adaptatio n to the e xte rna l e n v iro n m e n t and n o t a specific genetic change. 

H o w e v e r , slig h t d ifferences in  the process o f  adaptatio n m a y  in d ic a te  that va ria tio n s in the 

e xa c t m e c h a n ism s o f  resistance d e v e lo p m e n t are o c c u rrin g  b e tw e e n  b io c id e  treatm ents. 

F o r  e x a m p le , an im m e d ia te  response w a s o b se rve d  in  all in d u c tio n s  o f  resistance e xce pt 

w ith  e xp o s u re  to  C M I T .  I t  has a lready been o b se rve d  that C M I T  dem onstrates a d iffe rin g  

m o d e  o f  a c tio n  to  the o th e r tw o  is o th ia zo lo n e  b io cid e s ( C o llie r  et al, 19 9 0 c ). T h e r e fo r e , a 

d iffe re n t m e c h a n is m  o f  resistance d e v e lo p m e n t m a y  o c c u r. A l th o u g h  an im m e d ia te  

increase in  M I C  w as o b se rve d  w ith  C M I T  w h e n  the cells w e re  g ro w n  in  C D M ,  n o  

sig n ific a n t increase in  M I C  w as o b se rve d  in  the fo llo w in g  tw o  biocide-passages. In  

a d d itio n , the cells e xp o s e d  to th io m e rs al g ro w n  in  R 2 A  m e d iu m  d id  n o t im m e d ia te ly  b e g in  

to  e x h ib it  a decrease in  M I C  w h e n  the resistant cells w e re  passaged in  the b io c id e -fre e  

m e d iu m . T h is  m a y  indicate that a d iffe re n t m e c h a n is m  m a y  o c c u r d u rin g  the d e ve lo p m e n t 

o f  resistance to th io m e rs a l.

1 14



Figure 21: Increase in MIC for Thiomersal against Pseudomonas aeruginosa PAOl in
R2A as a function of passage number. Error bars are calculated as the standard deviation of
the individual data points.
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In  su p p o rt o f  this su g g e stio n , the M I C  re m a in e d  u n c h a n g e d  w h e n  the cells w e re  e xp o se d  to 

th io m e rs a l an d  c u ltu re d  in  C D M .  T h is  m a y  be due to  the e ffe c t o f  n u trie n t lim ita tio n  and 

b io c id e  stress. W h e re a s , the R 2 A  m e d iu m  q u e n c h e d  the a c tiv ity  o f  th io m e rs al due to the 

presence o f  accessible th io l-g ro u p s  a llo w in g  the bacteria to  re c o v e r fr o m  b io c id e  and 

n u trie n t stresses in  o rd e r to  g r o w  and d e v e lo p  resistance to the b io c id e . H o w e v e r , g ro w th  

w a s o b se rve d  w h e n  e x p o s in g  P. aeruginosa  to  the is o th ia zo lo n e s , e ve n  w ith  C M I T ,  w h ic h  

d e m o n stra te d  greater a c tiv ity  to w a rd s P. aeruginosa  than B I T ,  M I T  o r th io m e rs a l. T h e  

pattern o f  resistance w as o b se rve d  to be a d e fin ite  ste p -w ise  increase w h e n  resistance was 

in d u c e d  to w a rd s th io m e rs a l. H o w e v e r , the pattern o f  resistance w ith  the three 

is o th ia zo lo n e  b io c id e s w as less d e fin ite , and thus m a y  ind ica te  a d iffe re n t pattern in  the 

d e v e lo p m e n t o f  resistance.

T h e  process o f  in d u c tio n  o f  resistance is co m p a ra b le  to  that o b se rve d  b y  B r o z e l and 

C lo e te  ( 1 9 9 4 ). H o w e v e r , the re a c tiv ity  o f  the pure fo rm s  o f  the is o th ia zo lo n e  biocides w as 

o b s e rve d  to  be greater than that o f  K a t h o n ™  used b y  B r o z e l  a nd  C lo e te  (1 9 9 4 ). T h e y  

o b s e rve d  an increase in  M I C  fr o m  300 /x L L~ ^  to 6 0 7  /xL L ~ * .  W h ic h , in  e ffe c t, is an 

increase o f  0 .3  /x L m L " ^  to  0 .6 7  /xL m L ~ ^ , w h ic h  is s ig n ific a n tly  lo w e r  than the M I C s  

o b s e rve d  in  this s tu d y . W h e n  ta k in g  in to  account that the a c tive  ingredients o f  the 

c o m m e rc ia l p ro d u c t ( 1 .1 5 %  C M I T  and 0 .3 5 %  M I T ) ,  the increase in  M I C  to w a rd s C M I T  is 

0 .0 0 3 4 5  /x L m L ~ *  to  0 .0 0 6 9 8  /x L m L ~ *  and to w a rd s M I T  is 0 .0 0 1 0 5  /x L m L ~ *  to 0 .0 0 2 1 2  

/x L m L ~ * .  T h e r e fo r e , B r o z e l  and C lo e te  (1 9 9 4 ) o b se rve d  a p p ro x im a te ly  1 0 0 %  increase in 

M I C  to w a rd s  the tw o  a c tive  c o m p o n e n ts o f  K a th o n  ( C M I T  and M I T ) .  H o w e v e r , the active 

c o m p o n e n ts o f  the c o m m e rc ia l p ro d u c t o n ly  constitu te 1 .4 5 %  o f  the total p ro d u c t. 

T h e r e fo r e , the e ffe c t o f  the in d u c e d  resistance seems less p ro n o u n c e d  than w h e n  using the 

p u re  fo rm s  o f  the b io c id e . T h is  m a y  be due to loss o f  re a c tiv ity  o f  the b io c id e  d u rin g  the 

storage o f  the c o m m e rc ia l p ro d u c t, in  c o m p a riso n  to  the pure fo rm s  o f  the b io c id e s, w h ic h  

are store d in  a d r y , c o ld  e n v iro n m e n t, in  a so lid  state.
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Table 1 2 : S u m m a r y  o f  the average M I C s  fo r  R 2 A  and C D M  m e d ia  w h e n  e xpo se d  to the 
fo u r  b io c id e s. T h e  figu res in  the brackets ind ica te  the p ercentage increase in  M I C s  fo r  
passage 1 1  o v e r passage 1 a nd  the percentage decrease in  M I C  fo r  passage 1 4  o v e r passage 
1 4 .

B io c id e M e d iu m M I C  ( p g  m L "  

1

' * )  o f  passage n u m b e r: 

1 1 1 4

B I T R 2 A 56 9 8.6 84

( 7 6 ) ( 1 4 .8 )

M I T R 2 A 19 4 8 .7 39.3

( 1 5 6 ) ( 1 9 .3 )

C M I T R 2 A 1.3 2 .5 1.8

(9 2 ) (2 8 )

T h io m e rs a l R 2 A 9 .4 1 7 .9 3 16 .8

( 9 1 ) (6 .3 )

B I T C D M 5 .7 3 9 .0 7 6 .4

(5 8 ) (2 9 )

M I T C D M 2 .4 6 9.8 9 .0

(2 9 8 ) (8 .2 )

C M I T C D M 0 .2 5 0 .6 0 .1 5

( 1 4 0 ) ( 7 5 )

T h io m e rs a l C D M n d n d n d

n d  =  n o t d o n e .
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I n v e s t i g a t i o n  o f  C r o s s - R e s i s t a n c e

C ross-resistance to u nrelate d antib io tics is a p ro p e rty  o f  so m e m u ta n ts. F o r  

e x a m p le , m u ltip le -a n tib io tic -re s is ta n t E. coli  also s h o w  cross-resistance to 

flu o ro q u in o lo n e . Cross-resistance to c h e m ic a lly  u n re la te d  a n tib io tic s can b e  associated 

w it h  flu o ro q u in o lo n e  resistance (P o o le  et al, 19 9 3 ). T h e  e xte n s ive  use o f  ca tio nic biocides 

m a y  p o s s ib ly  re su lt in  the selection o f  stap hylo co ccal strains d e m o n stra tin g  resistance to 

a n tib io tic s and b io c id e s (R u s s e ll et al, 19 9 8 ). It w a s p ro p o se d  b y  S tic k e r et al, 1983 that 

the w id e s p re a d  use o f  c h lo ro h e xid in e  w a s respon sible fo r  selecting m u ltip le  a n tib io tic - 

resistant strains in  G r a m -n e g a tiv e  bacteria (R u s s e ll 19 9 5 ).

T h e  M I C  o f  the p re v io u s ly  in d u c e d  resistant cultures w a s o b tain e d  in  o rd er to 

d e te rm in e  w h e th e r cross-resistance o ccurre d b e tw e e n  the three is o th ia zo lo n e  b io c id e s, and 

the is o th ia zo lo n e  b io c id e s and the th io l-in te ra c tiv e  agent T h io m e rs a l (T a b le  1 3 ) .

A n  a liq u o t (2 5 0  p L )  o f  the resistant culture w a s in o c u la te d  in  trip licate  in to  fresh 

m e d iu m  c o n ta in in g  M I C / 4  c o n c e n tra tio n  o f  b io c id e  ( M I C  d e te rm in e d  fr o m  the eleven th  

passage). C u ltu re s  w e re  incu bated fo r  2 4 h  at 3 7 ° C  in  an o rb ita l in c u b a to r at 2 0 0  osc m in " ^ . 

T h e  M I C  w a s d e te rm in e d  against the o th e r three b io c id e s (T a b le s  13 and 1 4 )  b y  the tube 

d ilu tio n  m e th o d  ( B lo o m fie ld , 1 9 9 1 ) .
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Table 13: MIC of the resistant cultures of Pseudomonas aeruginosa PAOl (grown in R2A
medium) at MIC/4 of biocide when examined against the other three biocides.

R e s is ta n t M I C  o f  o rig in a l A/rr^ . . . u . u  ,  X - L& M I C  to  test b io c id e s cultures (/xg m L  )

cultures b io c id e  (/xg m L ~ ^ )  at 

passage

1 1 1 B I T M I T C M I T T h io m e rs a l

B I T 56 9 8 .6 n d 4 0 2 .2 10

M I T 19 4 8 .6 7 0 n d 2 .0 20

C M I T 1.3 2 .5 80 50 n d 18

T h io m e rs a l 9 .4 18 .0 7 0 4 0 2 .2 n d

n d  =  n o t d o n e
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Table 14: MIC of the resistant cultures of Pseudomonas aeruginosa PA01 (grown in
CDM medium) at M3C/4 of biocide when examined against the other three biocides.

R e s is ta n t M I C  o f  o rig in a l M I C  to  test bio cid e s cultures ( f ig  m L ' 1 )

cu ltu re s b io c id e  O t g m L - 1 ) at

passage

1 1 1 B I T M I T C M I T T h io m e rs a l

B I T 5 .7 3 9 .1 n d 1 1 0 .3 0 .0 5

M I T 2 .4 6 9 .8 6 n d 0 .5 0 .1 5

C M I T 0 .2 5 0 .6 1 2 12 n d 0 .2 5

T h io m e rs a l n d n d n d n d n d n d

n d  =  n o t d one

T h e  results in d ic a te  that once resistance has been in d u c e d  in  a c u ltu re  tow ard s one 

o f  the b io c id e s , that resistance is to som e e xte n t e x h ib ite d  w ith  o th e r m e m b e rs o f  the same 

g ro u p  an d  o th e r th io l-in te ra c tiv e  agents. A  m a rk e d  increase w as o b s e rve d  in the M I C s  

against the cross-resistance test strains o v e r the o rig in a l M I C s  p rio r to  b io c id e  expo su re . 

T h e  passaging o f  cells in  C D M  e xp o se d  to  th io m e rs a l w as n o t d o n e  due to the extre m e  

s e n s itiv ity  o f  the cells u se d . T h is  is due to  the d o u b le  challenge o f  c h e m ic a lly  d e fin e d  

m e d iu m  and b io c id e  presence. H o w e v e r , once resistance h a d  b een in d u c e d  to the 

is o th ia zo lo n e s  it w as p ossible to d eterm ine the M I C s  against th io m e rs a l. T h is  ind icated  

th a t the in d u c e d  resistance w as transferable to o th e r th io l-in te ra c tiv e  agents.
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T h e  g rad ie n t plates e m p lo y e d  w ere c o m p o s e d  o f  tw o  layers o f  a g a r, the b o tto m  

la y e r c o n ta in e d  1 .5  x  the M I C  o f  b io c id e  o f  the c u ltu re  to  be in o c u la te d , w h ic h  was 

a llo w e d  to  set at an angle in  a p lastic square petri d ish  ( B D H ;  2 0  c m  x  2 0  c m ). T h e  top 

la y e r c o n ta in e d  the appropriate b io c id e -fre e  m e d iu m , w h ic h  w as a llo w e d  to  set on the 

le v e l. T h e  b io c id e  d iffu s e d  th ro u g h  the b io c id e -fre e  u p p e r la y e r p ro d u c in g  a bio cid e  

g rad ie n t o v e r  the le n gth  o f  the p la te . T h e  surface o f  the p late w as in o c u la te d  w ith  cultures 

o f  Pseudom onas aeruginosa. G r o w t h  o f  the bacteria w a s o b se rve d  to  cease at the M I C  

p o s itio n  o f  the p late .

Figure 22: S c h e m a tic  d ia g ra m  o f  the cross section o f  a grad ien t plate.

M e d ia  w ith o u t b io c id e  M e d ia  w ith  b io c id e

Maintenance of Resistance Induced Cultures on Gradient Plates

x  axis

A n  a liq u o t (25  m L )  o f  R 2 A  agar o r C D M  agar w ith  1 .5  x  M I C  o f  b io c id e  was 

a llo w e d  to  set at an angle to  p ro d u c e  a d iag o n al slo pe. A n  a liq u o t (25  m L )  o f  the sam e agar 

w ith o u t the a d d itio n  o f  b io c id e  w as p o u re d  o n to  the b io c id e  agar and a llo w e d  to  set on the 

le v e l. T h e  b io c id e  d iffu s e d  th ro u g h  the to p  la ye r o f  agar p ro d u c in g  a b io c id e  g radient o v e r 

the le n gth  o f  the plate. T h e  surface o f  the plate w as the n in o c u la te d  w ith  b io c id e  resistant

P. aeruginosa  fr o m  M I C / 4  e xp o s e d  passages. T h e  plates w ere incu ba te d  at 3 7 ° C  fo r  2 to 3 

d ays fo r  the R 2 A  m e d iu m  and 5 to  6 days fo r  the C D M  m e d iu m . T h e  p o in t at w h ic h  

g ro w th  ceased o n  the surface o f  the agar is to be used to  ind icate the a p p ro x im a te  M I C .

T w o  c o lo n ia l m o rp h o lo g ie s  w e re  o b se rve d  w h e n  the resistant cultures w e re  g ro w n  

o n  the g rad ie n t p late s, a m u c o id  a nd  n o n -m u c o id  fo r m . I t  w as th o u g h t th a t this m a y  be
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related to  alterations in  the lip o p o lysa c c h a rid e  o f  the o u te r m e m b ra n e , he tw o  co lo n ial 

m o rp h o lo g ie s  w e re  c u ltu re d  an d  a n y  subsequent alterations in  the L P S  structure w ere 

o b s e rve d  a n d  results re p o rte d  in  C h a p te r 6.
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Incre asin g  b io c id e  conce ntration ( fr o m  0  to  1 .5  x  resistant M I C ) ^  ---------------------------------------------------------- ------------------------ ----------------------------- ^

Z o n e  o f  G r o w t h Z o n e  o f  In h ib itio n

◄-------------------------------------------- x - a x i s ------------ ----------------------------------------- ►

Figure 23: S c h e m a tic  representation o f  the g ro w th  pattern o f  resistant cultures o f  

Pseudom onas aeruginosa  P A O l  to w a rd s the is o th ia zo lo n e  b io c id e s a nd  thio m e rsal o n a 

g ra d ie n t p late.
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F i g u r e  24: Growth of Pseudomonas aeruginosa PA O l on a gradient plate with increasing 

concentrations of the biocide BIT. The MIC point is clearly visible on the gradient plate. The 

colonies growing in the region with the greatest concentration of biocide will be the most 

resistant, therefore inoculation into the next passage should be taken from this point.
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Chapter Five

The Analysis of the Outer Membrane Proteins of P s e u d o m o n a s  a e r u g i n o s a  

PAOl following Exposure to Biocidal Agents and Nutrient Limitation

T h e  o u te r m e m b ra n e  o f  P. aeruginosa  contain s a n u m b e r o f  p ro te in s , som e o f  

w h ic h  fo r m  d iffu s io n  channels w h ic h  a llo w  the transp o rt o f  ions and sm a ll m o lecules in to  

the cell in te rio r (Ja n n  &  J a n n , 19 9 9 ). T h e s e  channel fo r m in g  p ro te ins are re fe rre d  to in this 

in v e s tig a tio n  as p o rin s o r o u te r m e m b ra n e  proteins ( O M P s ) .  O M P s  are also present in  other 

species o f  b acteria fo r  e x a m p le , Escherichia coli, Salmonella spp. an d  Neisseria spp. (Ja n n  

&  J a n n , 19 9 9 ). O th e r  p roteins are present in  the o u te r m e m b ra n e , w h ic h  h a v e  a structural 

ro le  an d  particip ate  in  the a sse m b ly and m ain te nance  o f  the o u te r m e m b ra n e  o r as receptor 

sites fo r  sid e ro p h o re s, b acteriophages and bacteriocins (Ja n n  &  J a n n , 1 9 9 9 ). A lte ra tio n s  in 

the O M P s  and the in te g rity  o f  the lip o p o lysa c c h a rid e  ( L P S )  in flu e n c e  the p e rm e a b ility  o f  

a n tim ic ro b ia l agents across the o u te r m e m b ra n e  o f  G r a m  n e g a tive  bacteria (G io r d a n o  et al, 

19 9 3 ). It  is th o u g h t that m o d ific a tio n  o f  the L P S  structure p la y s  an im p o rta n t role in  the 

re g u la tio n  o f  p ro te in  chan nels. T h e r e fo r e , increased tolerance to  a n tim ic ro b ia l agents m a y  

o n ly  be associated w ith  o b se rva b le  changes in  eith er the O M P s  o r L P S ,  w h ils t the 

m e c h a n is m  o f  resistance is associated w ith  b o th  (G io r d a n o  et al, 19 9 3 ).

P. aeruginosa  contains a lim ite d  n u m b e r o f  O M P s  present in  v e r y  h ig h  n u m b e rs. 

F o r  e x a m p le , O M P  F  is present at 10 5 copies p e r cell (K r a g e lu n d  et al, 19 9 6 ). O M P  F  is 

c o n s titu tiv e ly  expressed an d  contains su rfa c e -e xp o se d  epitopes (K r a g e lu n d  et al, 19 9 6 ). 

T h e  m a jo r ity  o f  O M P s  are h ig h ly  c o n s e rve d  b e tw e e n  d iffe re n t se rotype s o f  P. aeruginosa 

(K r a g e lu n d  et al, 19 9 6 ). P. aeruginosa  is th o u g h t to  co nta in o n ly  one n o n -sp e c ific  O M P  

( O M P  F ) ,  w hereas E. coli  contains a n u m b e r o f  n o n -s p e c ific  O M P s  ( N i k a i d o , 1 9 9 2 ), fo r  

e x a m p le , O M P  A  w h ic h  is classed as a m a jo r O M P  in  E. coli (S u g a w a ra  et al, 19 9 6 ). O M P  

F  is th o u g h t to  a llo w  the passage o f  p o lysacch arid e s o f  at least 20 0 0  D a . H o w e v e r , it  is 

e s tim a te d  that o n ly  1 to  2  %  o f  the channel fu n c tio n s  as a transp ort ch an nel an d  th e re fo re , it 

d em onstrates lo w  p e rm e a b ility  ( N ik a id o , 19 9 2 ). T h e r e fo r e , it is suggested that the m a jo rity
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o f  solutes cross the o u te r m e m b ra n e  via  specific O M P s .  A  n u m b e r o f  sp ecific O M P s  h ave  

been id e n tifie d  fr o m  P. aeruginosa  and associated w ith  resistance to  a v a rie ty  o f  

a n tim ic ro b ia l agents.
V a r io u s  reports h a v e  associated resistance to  a n tim ic ro b ia ls w ith  alterations in  the 

o u te r m e m b ra n e  p ro te ins o f  G r a m  n e g a tive  bacteria. A  re d u c tio n  in  the in te n s ity  o f  O M P  F  

(38  k D a )  and a p ro m in e n t increase in  a 4 1  k D a  p ro te in  w a s associated w ith  resistance 

to w a rd s  e ry th ro m y c in  in  P. aeruginosa  S -6  (T a te d a  et al, 1 9 9 4 ). T h e  ro le  o f  the 4 1  k D a  

p ro te in  is u n k n o w n , b u t it is p o s s ib ly  an altered fo r m  o f  the O M P  F  (T a te d a  et al, 19 9 4 ). 

T h is  is because the total a m o u n t o f  the 38 k D a  an d  4 1  k D a  p ro te in  in  the treated cells is 

e q u iv a le n t to  the total a m o u n t o f  38 k D a  in  the pre-tre ate d  cells (T a te d a  et al, 19 9 4 ). 

H o w e v e r , this w as n o t o b se rve d  in  the P A O l  strain. F o llo w in g  s u b - M I C  treatm ent w ith  

a ztre o n a m  (a p -la c ta m  a n tib io tic ) an increase in  c o p y  n u m b e r w a s o b se rve d  in a 38 k D a  

p ro te in  in  P. aeruginosa  ( O M P  F ) .  A lte ra tio n s  in  the in te g rity  o f  the L P S  p ro file  w ere also 

o b se rve d  w ith  the sam e e xp o s u re  ( M a g n i et al, 1 9 9 4 ; C ip r ia n i et al, 1 9 9 1 ) . A  red u ctio n in 

the expre ssio n o f  35 k D a  O M P  o f  P. aeruginosa  w as associated w ith  e xpo su re  to 

n o r flo x c in  (H o s ta c k a  &  K a r e lo v a , 1 9 9 7 b ) .

Im ip e n e m  is a b ro a d -s p e c tru m  carbap e ne m  6 -la c ta m  a n tib io tic , w h ic h  is h ig h ly  

a c tive  against P. aeruginosa. It  is o f  p artic u la r interest because o f  its h ig h  p o te n c y , b ro a d  

sp e c tru m  and the general la c k  o f  m ic ro b ia l cross-resistance, fo u n d  w ith  o th e r 6-lactam s 

d u rin g  it's use (O c h s  et al, 19 9 9 ). R e sista nce  to w a rd s  the a n tib io tic  d e v e lo p e d  at a 

s ig n ific a n t rate, w h ic h  w as associated w ith  the loss o f  O M P  D  (H u a n g  et al, 19 9 2 ). P. 

aeruginosa  cells d e m o n stra tin g  resistance to w a rd s im ip e n e m  h a v e  re c e n tly been d isc o ve re d  

to  la c k  the p ro te in  D 2  (Y o s h ih a r a  et al, 19 9 6 ). In  a d d itio n  to the loss o f  the O M P  D 2 ,  

Y a m a n o  et al, (1 9 9 6 ) o b se rve d  a decrease in  the p ro d u c tio n  in  three o th e r o u te r m e m b ra n e  

p ro te in s ( C ,  E l  and E 2 )  associated w ith  resistance to w a rd s 6 -la c ta m s. T h e y  also 

d e m o n stra te d  resistance to w a rd s the n e w e r q u in o lo n e s and c h lo ra m p h e n ic o l. T h e  loss o f
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O M P  D  expre ssio n is th o u g h t to result fr o m  deletions in  the O M P  D  c o d in g  re g io n  and the 

u p stre a m  p ro m o te r re g io n  (O c h s  et al, 19 9 9 ). T h e  m u tan ts iso late d  in  the H u a n g  et al,

( 1 9 9 2 )  stu d y also dem onstrate resistance to w a rd s z w itte r io n  ca rba p e ne m  a ntib io tics. 

H o w e v e r , there is n o  apparent cross-resistance d e m o n stra te d  to w a rd s o th e r 6 -la c ta m  

a n tib io tic s. It  is th o u g h t that O M P  D  is an im ip e n e m  a nd  basic a m in o -a c id -s p e c ific , 

c h a n n e l-fo rm in g  p ro te in , due to  the presence o f  a specific b in d in g  site in  its channel 

(H u a n g  et al, 1 9 9 2 ). I t  has been suggested that D 2  is c o m p o s e d  o f  a 2 7  k D a  d o m a in  w h ic h  

is re spo n sib le  fo r  channel fo rm a tio n  and a 19  k D a  d o m a in  w h ic h  is respon sible fo r  gate 

fo rm a tio n  (Y o s h ih a r a  et al, 19 9 6 ). T h e  p ro te in  also dem onstrates b in d in g  a ffin ity  to w ard s 

im ip e n e m  and a s im ila r basic a m in o  acid stru ctu re, im p ly in g  it fo rm s  a pore w ith  

s p e c ific ity  to w a rd s this structure (Y o s h ih a r a  et al, 19 9 6 ).

I t  w as o rig in a lly  b e lie v e d  that m a n y  G r a m -n e g a tiv e  bacteria la c k e d  a h y d ro p h o b ic  

u p ta ke  p a th w a y  across th e ir o u te r m e m b ra n e s. It  is n o w  th o u g h t that there m a y  be 

appreciable tra n s-o u te r-m e m b ra n e  p e rm e a tio n  o f  h y d ro p h o b ic  an d  a m p h ip a th ic  m o lecules 

( H a n c o c k , 19 9 8 ). T h e r fo r e , the reason fo r  the resistance m a y  be a c tive  e fflu x  (H a n c o c k ,

19 9 8 ). A c t i v e  e fflu x  proteins o f  w id e  sp e c ific ity  are c o m m o n  in  w ild -ty p e  bacteria and 

c o n trib u te  s ig n ific a n tly  to intrin sic resistance o f  P. aeruginosa  ( M a  et al, 19 9 4 ). T h e  

h y d ro p h o b ic  flu o re sc e n t p ro b e  ( N P N )  is o n ly  ta ke n  u p  b y  P. aeruginosa  w h e n  treated w ith  

a p o ly c a tio n , such as an a m in o g ly c o s id e , w h ic h  breaks d o w n  the O M  p e rm e a b ility  barrier 

( H a n c o c k , 19 9 8 ). T h e  N P N  is ra p id ly  e fflu x e d  unless an e n e rg y in h ib ito r is present 

( H a n c o c k , 19 9 8 ). P o o le  et al, (1 9 9 3 ) d e m o n stra te d  an e f f lu x  system  in v o lv in g  three 

p ro te in s , M e x  A ,  M e x  B  and O p r  M ,  w h ic h  are critical f o r  intrin sic resistance o f  P. 

aeruginosa. A  k n o c k o u t m u ta tio n  in v o lv in g  the genes o f  a n y o f  these p roteins results in  a 

fo u r fo ld  to te n fo ld  increase in  su sc e p tib ility to  q u in o lo n e s , B -lactam s (e xc e p t im ip e n e m ), 

te tra c yc lin e  and c h lo ra m p h e n ic o l. R esistance to q u ate rn a ry a m m o n iu m  c o m p o u n d s is 

m e d ia te d  b y  e fflu x  p u m p s  such as qacA, qacE  and smr in  G r a m -p o s itiv e  bacteria
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(C h a p m a n , p ersonal c o m m u n ic a tio n ) T h e  qa cA  p u m p  is a m e m b ra n e  b o u n d  p r o to n -m o tiv e  

fo rc e  d e p e nd e nt cation e x p o rt p ro te in , b e lo n g in g  to  the m a jo r fa c ilita to r s u p e rfa m ily  ( M F S )  

o f  transp o rt p roteins (C h a p m a n , personal c o m m u n ic a tio n ).

M u ltip le d r u g  resistance p u m p s ( M D R s )  w e re  o rig in a lly  d isc o ve re d  in  e u k a ryo tic  

cells c o n fe rrin g  d ru g  resistance fr o m  tu m o u r cells to  a v a rie ty  o f  p ath o ge ns (O u e lle tte  et al,

1 9 9 7 ) . T h e  e u k a ry o tic  M D R s  d iffe r  fr o m  the p ro k a ry o tic  ones in  that th e y  use A T P  as the ir 

e n e rg y source instead o f  the p ro to n  m o tiv e  fo rc e . H o w e v e r , th e y  are all a like  in that th e y 

fu n c tio n  to  e ffe c tiv e ly  p ro te ct the cells fr o m  m a n y  c o m m o n ly  used d rugs an d  are nu m erou s 

in  ty p e  a nd  fu n c tio n  (O u e lle tte  et al, 1 9 9 7 ) . M D R s  are c o m m o n  in e u k a ryo tic  

m ic ro o rg a n is m s  w h e re  th e y  appear to be respon sible fo r  c o n fe rrin g  d ru g  resistance in 

p ath o g e n ic  yeasts in c lu d in g  Cryptococcus neoformans and Candida albicans  (O u e lle tte  et 

al, 1 9 9 7 ) . T w o  d istin c tive  proteins are cle a rly in v o lv e d  in  c o n fe rrin g  d ru g  resistance in C . 

albicans, one o f  w h ic h  B E N R  b e lo n g s to the m a jo r fa c ilita to r s u p e rfa m ily  and is in v o lv e d  

in  in fe rrin g  resistance to b e n o m y l, m e th o tre xa te  and flu c o n a zo le  (O u e lle tte  et al, 1 9 9 7 ) . 

T h e  second p ro te in  C D R 1  is an A B C  transporter and is associated w ith  resistance to w a rd s 

flu c o n a zo le  and o th e r a zo le  drugs (O u e lle tte  et al, 1 9 9 7 ) .

T h e  firs t e vid e n c e  o f  M D R s  in  G r a m -n e g a tiv e  bacteria w a s re p o rte d  in 19 9 2  b y  

L o m o v s k a y a  &  L e w i s , w h o  d isc o ve re d  that an E. coli  M D R  p ro te in  ( E m r  A B )  protects the 

cells against a n tim ic ro b ia ls such as n a lid ix ic  acid and th io la c to m y c in  (an a ntib io tic  w h ic h  

in h ib its  fa tty  acid synthesis) ( L e w is  et al, 1 9 9 7 ) . K o h le r  et al, (1 9 9 6 ) d isc o ve re d  that the 

o ve re x p re s s io n  o f  O M P  M  and O M P  J  w as associated w ith  resistance to w a rd s trim e th o p rim  

and s u lfa m e th o x a zo le  and dem o n strate d  that the m exABoprM  e f f lu x  syste m  is the m a jo r 

reason fo r  the resistance.

T h e  aim s o f  this chapter w e re  to o b se rve  a n y  O M P  shifts d u rin g  the in d u c tio n  o f  

resistance to  the is o th ia zo lo n e  biocides and th io m e rs a l.
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Outer Membrane Protein (OMP) Preparations
O M P s  w e re  prepared fo r  S D S - P A G E  analysis b y  the m e th o d  o f  P u g s le y  et al,

( 1 9 8 6 ) . A n  o v e rn ig h t culture o f  P . aeruginosa  ( l x l O 9 C F U  m L ' 1) w as c e n trifu g e d  ( I E C  

C e n t r a -4 B )  at 5000 g  fo r  15 m in u te s . C e lls  w e re  w a sh e d  three tim e s in  25 m M  T r is  b u ffe r 

( p H  7 .4 )  c o n ta in in g  1 m M  L " 1 M g C l 2 . C e lls  w e re  h o m o g e n is e d  fo r  2 .5  m in u te s o n  ice.

S a rc o sin e  (S ig m a ) w as added to  g iv e  a fin a l co n c e n tra tio n  o f  2 %  w / v , and sam ples w ere 

k e p t o n  ice fo r  20  m in u te s . T h e  in s o lu b le  o u te r m e m b ra n e s w e re  se dim e nte d  o u t at 1 1 ,5 0 0  

g fo r  l h  at 4 ° C .  T h e  supernatants w e re  re m o v e d  and the pellets w e re  w a sh e d  in  deionised 

w a te r ( 1  m L ) .  T h e  pe lle t w as re sedim ented o u t at 1 1 ,5 0 0  g fo r  l h  at 4 ° C .  S a m p le s w ere 

stored in  the fre e ze r u n til re q u ire d .

P r io r  to S D S - P A G E  a n a lysis, the p e lle t w a s resuspended in  10 0  /x L o f  T r i s - H C l  

b u ffe r  ( p H  7 .4 ) .  50 /x L o f  sam ple w as m ix e d  w ith  an eq u al v o lu m e  o f  c ra c k in g  b u ffe r  (T r is -  

H C l ,  0 .5 M , p H  6 .8 , 3 .7 5  m L ;  m e rc a p to e th a n o l, 1 .5  m L ;  S D S ,  0 .6  g ; g ly c e ro l, 3 g ; 

b ro m o p h e n o l b lu e  sto c k , 0 .1 %  w / v , 1 m L ;  p H  6 .8  m a d e  u p  to  10  m L  w ith  d is tille d  w a te r). 

S a m p le s w e re  heated in  b o ilin g  w a te r bath (G a lle n k a m p ) fo r  5 m in u te s im m e d ia te ly  p rio r 

to  lo a d in g  o f  the gels. T h e  re m a in d e r o f  the sam ples w e re  stored at - 1 8 ° C  fo r  p rotein 

e s tim a tio n .

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE).

Preparation o f  Separating G el Mixture

S to c k  a c ry la m id e  so lu tio n  ( 1 0  m L ;  a c ry la m id e , 7 3  g ; b is -a c ry la m id e , 2 g ; d isso lve d  

in d is tille d  w a te r, 25 0  m L ) ,  d istille d  w a te r ( 1 2  m L ) ,  an d  stock separating b u ffe r  ( 7 .5  m L ;  

S D S ,  1 g ; T r is  b u ffe r , 4 5 .5  g ; m a d e  u p  to 25 0  m L  w ith  d e io n ise d  w a te r, p H  8 .0 ) w e re  added 

to g e th e r a nd  degassed. S to c k  a m m o n iu m  persulphate so lu tio n  ( 1 0 %  w / v ; 45  pL), and 

N ,N ,N ',N '- te tr a m e t h y l- e th y le n e d ia m in e  ( T E M E D ;  15  / x L ) , w e re  added to b e g in  the 

p o ly m e ris a tio n  process. T h e  m ix tu re  w as m ix e d  g e n tly  to  a v o id  re -g a s sin g , an d  p o u re d  in to  

a p re pa re d  gel cast (0 .5 m m  th ic k : m i n i - P R O T E A N  I I ,  B io r a d ). T h e  gel w as o v e rla y e d  w ith  

w a te r-sa tu ra te d  b u ta n -2 -o l, and le ft to set fo r  a p p ro x im a te ly  l h .
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Preparation o f  Stacking G el Mixture

S to c k  a c ryla m id e  so lu tio n  (7 5 0  ph), d is tille d  w a te r (3 m L )  a n d  sto c k  stacking gel 

b u ffe r  ( 1 .2 5  m L ;  S D S ,  1 g ; T r is  b u ffe r , 1 5 .1  g ; m a d e  u p  to 25 0  m L  w ith  deionised w a te r, 

p H  6 .8 )  w e re  m ix e d  to g e th e r and degassed. S to c k  a m m o n iu m  pe rsu lph ate  so lu tio n  (1 5  ph)  

and T E M E D  (5 p h)  w e re  add ed  and the contents w e re  g e n tly  m ix e d  to  a v o id  any re

gassin g. T h e  b u ta n -2 -o l o v e rla y  w as re m o v e d  fr o m  the p o ly m e ris e d  separating g e l, and the 

surface w a s rinse d  w ith  d istille d  w a te r to re m o v e  a n y  traces o f  b u ta n -2 -o l. T h e  stacking gel 

w as p o u re d  o v e r  the separating g e l, and a llo w e d  to set fo r  a p p ro x im a te ly  45  m inutes w ith  a 

c o m b  ( 0 .5 m m , 10  w e lls , B io r a d )  in  place. O n c e  the stacking  gel h a d  set the com bs w ere 

g e n tly  re m o v e d  and the w e lls w e re  w ash e d  w ith  d is tille d  w a te r to  re m o v e  a n y  traces o f  

b u ffe r.

T h e  gel w as transferre d to a m i n i - P R O T E A N  I I  sy ste m , (B io r a d )  the u p p e r and 

lo w e r b u ffe r  cham be rs w e re  fille d  w ith  re s e rvo ir b u ffe r  (g ly c in e , 0 .1 9 2 M ; T r i s , 0 .0 2 5 M ; 

S D S ,  0 .1 %  w / w ), e nsurin g the w e lls w e re  fille d  w ith  b u ffe r.

Preparation o f  O M P Samples

A n  a liq u o t (25 0  p h)  o f  T r is -b u ffe r  ( 0 .5 M , p H 6 .8 )  w as add e d  to  the O M P  pellets, an 

a liq u o t ( 1 0 0  p h)  o f  this p re pa ra tio n w as added to  10 0  p h  o f  c ra c k in g  b u ffe r  ( T r i s - H C l , 

0 .5 M  p H  6 .8 , 3 .7 5  m L ;  8 -m e rc a p to e th a n o l, 1 .5  m L ;  S D S ,  0 .6  g ; g ly c e r o l, 3 g ; b ro m o p h e n o l 

b lu e , 0 .1  % ,  1 m L ;  m ad e u p  to  a total v o lu m e  o f  10  m L  w ith  d is tille d  w a te r, p H  adjusted to 

p H  6 .8 ). S a m p le s w e re  heated in  a b o ilin g  w a te r bath  ( G a lle n k a m p , E n g la n d )  fo r  10  

m in u te s .

Preparation o f  Outer Membrane Protein Profiles

M o le c u la r  w e ig h t m a rk e r ( S D S - 7 ,  S ig m a  o r lo w  m o le c u la r w e ig h t ca lib ra tio n  k it fo r  

S D S  e le c tro p h o re sis, A m e r s h a m  P h a rm a c ia  B io te c h ; 10  to  20  p h)  a n d  test sam ples (35 to 

45 p h)  w e re  lo a d e d  in to  the w e lls  u sing  a p ipette (S e a lp ip e tte , Je n c o n s ). A  constant current 

(35 m A )  w as a p p lie d  to the gels b y  a p o w e rp a c k  3 0 0 , ( B io r a d ) , fo r  a p p ro x im a te ly  1 .5 h , o r 

u n til the b ro m o p h e n o l b lu e  fro n t reached the b o tto m  o f  the g e l. T h e  g e l w as re m o v e d  fr o m
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its cast an d  im m e rs e d  in  C o o m a s s ie  b rillia n t b lu e  R 2 5 0  stain o r s ilv e r stained (C h a p te r 2 ) . 

T h e  p ro te in  c once ntrations fo r  the test sam ples w e re  estim ated u s in g  the B C A  assay 

(C h a p te r 2 ) . T h e  gels w e re  analyse d u sing  P h o r e tix  im a g in g  analysis so ftw a re  (n o n -L in e a r  

D y n a m ic s  L t d ,  N e w c a s tle  u p o n  T y n e , E n g la n d ).

T h e  P h o r e tix  im a g in g  system  w as used to estim ate the m o le c u la r w e ig h ts and R f  

valu e s o f  all the o u te r m e m b ra n e  p roteins in  the sam ples so that it w a s possible to  establish 

a n y  diffe re nce s b e tw e e n  the sensitive and resistant culture s.

F ig u r e  30 sh ow s the O M P s  o f  the se nsitive and resistant cultures to the b io c id e  

M I T .  In  o rd e r fo r  the P h o r e tix  im a g in g  syste m  to analyse the gel it firs t has to id e n tify  the 

lanes an d  in d iv id u a l p ro te in s . In itia lly  the syste m  w as instru cted  as to the p o sitio n  o f  

m a rk e r lanes o n the gel and a n y  grim aces (this is the na m e  d e sig na te d  b y  P h o re tix  fo r  

stra ig hte n ing  the ban d s) o n  the gel w ere id e n tifie d  an d  corrected. T h e  b a c k g ro u n d  o f  the 

gel w as d e te rm in e d  such that the system  re co g nise d  the gel b a c k g ro u n d  and d isting u ishe d  

the p ro te in  b ands. O n c e  the p ro te in  peaks w e re  detected the edges o f  the p ro te in  c o u ld  then 

be id e n tifie d , such that the system  k n e w  w h e n  the p ro te in  b egan a n d  e n d e d  on the im a g e . 

F ig u r e s  26  and 2 7  sh o w  the p e a k  analysis o f  the m o le c u la r w e ig h t m arkers and O M P s  

iso late d  fr o m  passage 1 cells e xp o s e d  to M I T .  O n c e  these p re lim in a ry  stages o f  analysis 

h a d  been established the m o le c u la r w e ig h ts and R f  values w e re  d e te rm in e d . In  o rd e r to 

estim ate the m o le c u la r w e ig h ts  the m a rk e r lanes w e re  in itia lly  id e n tifie d  and the m o le c u la r 

w e ig h ts assigned to  the in d iv id u a l proteins ( F ig u r e  2 5 ). T h e  sy ste m  then c o m p u te d  the 

c u rv e  to relate the m o le c u la r w e ig h t to  p ix e l p o s itio n  o n the gel ( F ig u r e  2 8 ). T h e  m o le c u la r 

w e ig h ts  w e re  then be p ro p a g a te d  o n  the g e l. T h is  is s h o w n  as the w h ite  lines o n F ig u r e  2 5 . 

T h is  w as a chie ve d  b y  e ith e r p ro p a g atin g  the m o le c u la r w e ig h ts b y  the p o sitio n  o f  the 

m o le c u la r w e ig h ts o n the gel o r the p o sitio n  o f  the m o le c u la r w e ig h ts  b e tw e e n  tw o  standard 

lanes. T h e  R f  values w e re  the n c o m p u te d  and p ro p a g a te d  alo ng  the g e l, w h e re  (0) indicates 

the b e g in n in g s o f  the gel and ( 1 )  indicates the e n d  o f  the g e l. T h e  m e asurem ent data 

p ro p a g a te d  fo r  F ig u r e  25 is g iv e n  in T a b le  1 5 . T h e  b a n d  n u m b e r, p o s itio n  o n the gel (g iv e n  

as p ix e l p o s itio n ), m o le c u la r w e ig h t and R f  v a lu e  o f  the p ro te in  bands are also g iv e n .
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F i g u r e  25 (a ) Outer Membrane Protein Profile of Pseudomonas aeruginosa PA O l cells 
cultured in R2A medium and exposed to MIT. Lane 1: molecular weight markers; Lane 2: 
control cells; Lane 3: passage 1 cells; Lane 4: passage 11 cells; Lane 5: passage 14 cells; Lane 
6 : control cells; Lane 7: molecular weight markers, (b) The same gel image after Phoretix 
analysis. Black lines on the image indictae the presence of protein bands. White lines on the 
image indicates computed propagation of molecular weights across the gel. Scales icon 
indicates the marker lanes. Protein concentrations:- Lane 3: 24 fig mL'1; Lane 4: 22jag mL'1; 
Lane 5: 6 jig m L'1.
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4S000 29000

F i g u r e  2 6 : Peak Analysis of Molecular Weight Marker Lane. Upper graph indicates Peak 

Intensity in comparison to Pixel position (Posn), which is related to band presence in lower 

band image. Numbers in boxes on the graph indicate peak and band position. Numbers on the 

band image box indicate the molecular weights of the individual bands.
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F i g u r e  2 7 :  Peak Analysis of Outer Membrane Proteins of Passage One cells of Pseudomonas 

aeruginosa PA O l exposed to MIT. Upper graph indicates Peak Intensity in comparison to 

Pixel position, which is related to band presence in the lower band image. Numbers in boxes 

on the graph indicate band position; numbers in boxes on the image indicate the molecular 

weights of the individual bands.
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molecular weight

F i g u r e  28: Calibration of molecular weight in Relation to Pixel Position on the gel in order to 

propagate the molecular weight across the gel and therefore, estimate the molecular weights of 

all the observed protein bands in the gel.
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Table 15: M e a s u re m e n t D a t a  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t and R f  va lu e  fo r  

O u te r  M e m b r a n e  Pro te in s o f  Pseudom onas aeruginosa  P A O l  e x p o s e d  to  M I T  and c ulture d 

in R 2 A  m e d ia . ( M W : m o le c u la r w e ig h t; R f :  re fra c tio n  fa c to r; P o s n : b a n d  p o s itio n  on g e l; 

C o : c o rre s p o n d in g  p ro te in  to  lane 2 ; N :  n o v e l p ro te in ).

Lane 1 (molecular weight markers) Lane 2 (control cells) Lane 3 (passage 1 cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 64 66000 0.23 - 1 84 59624 0.30 - 1 42 73018 0.15 N
2 144 45000 0.52 - 2 108 53405 0.39 - 2 79 60965 0.28 1
3 215 36000 0.77 - 3 115 51752 0.41 - 3 96 56279 0.35 N
4 255 29000 0.91 - 4 125 49508 0.45 - 4 119 50670 0.43 3

5 134 47599 0.48 - 5 129 48467 0.46 4
6 144 45595 0.52 - 6 151 44071 0.54 6
7 154 43706 0.55 - 7 163 41911 0.59 N
8 168 41245 0.60 - 8 172 40393 0.62 8
9 178 39609 0.64 - 9 187 38041 0.67 10
10 190 37769 0.68 - 10 203 35760 0.73 11
11 205 35647 0.73 - 11 216 34064 0.78 12
12 216 34208 0.77 - 12 228 32614 0.82 13
13 226 32978 0.81 - 13 242 31052 0.87 14
14 241 31266 0.86 - 14 257 29521 0.92 15
15 263 29017 0.94 -

Lane 5 (passage 11 cells) Lane 6 (passage 14 cells) Lane 7 (molecular weight markers)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 74 61100 0.27 N 1 79 60503 0.28 N 1 79 59913 0.29 1
2 99 54178 0.36 N 2 102 54178 0.37 N 2 110 51702 0.40 3
3 106 52436 0.39 2 3 111 51953 0.40 3 3 119 49617 0.43 4
4 114 50542 0.41 3 4 119 50084 0.43 4 4 140 45205 0.51 6
5 127 47670 0.46 5 5 129 47882 0.46 5 5 150 43310 0.54 7
6 147 43705 0.53 7 6 139 45821 0.50 6 6 162 41195 0.58 8
7 160 41395 0.58 8 7 151 43520 0.54 7 7 174 39240 0.63 9
8 172 39432 0.63 9 8 163 41395 0.58 8 8 183 37873 0.66 10
9 185 37474 0.67 10 9 176 39276 0.63 9 9 197 35901 0.71 11
10 199 35546 0.72 11 10 190 37188 0.68 10 10 209 34349 0.75 12
11 211 34029 0.77 12 11 203 35415 0.73 11 11 220 33031 0.79 13
12 221 32853 0.80 12 12 214 34029 0.77 12 12 238 31070 0.86 14
13 240 30823 0.87 N 13 226 32627 0.81 13 13 259 29058 0.94 15

14 243 30823 0.87 N
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A n  o u te r m e m b ra n e  p ro te in  in  the range o f  b e tw e e n  3 1 an d  36 k D a  w as o b se rve d  to 

h a ve  d isap peared  fo llo w in g  e xp o s u re  to all fo u r  b io c id e s (T a b le  1 6 ) . T h e r e  w e re  slight 

va ria tio n s  in  the o b se rve d  m o le c u la r w e ig h t o f  this O M P ,  w h ic h  m a y  be due to va ria tio ns in 

scan ning  an d  e xac t e stim a tio n o f  the R f  valu es e stim ate d  b y  the c o m p u te r so ftw a re  (T a b le  

1 7 ) .  H o w e v e r , o b se rva tio n  o f  the gel im a g e  indicates that T - O M P  w as p o s itio n e d  a b o ve  a 

m o re  p ro m in e n t O M P  at 3 1 2 6 6  D a  (F ig u r e  2 5 ). T h e  m e an o f  the e stim ated values fo r  T -  

O M P  in  this in v e s tig a tio n  w as 33 k D a , w ith  a standard d e v ia tio n  o f  1 .1 7 1 8  k D a . B r o z e l and 

C lo e te  (1 9 9 4 )  o b se rve d  T - O M P  to be at 35 k D a , h o w e v e r , th e y  d id  n o t use an im a g in g  

so ftw a re  p ac ka ge  to  estim ate the m o le c u la r w e ig h ts o f  the p ro te in s . T h e  T - O M P  

disap peared  afte r the first passage in  the presence o f  the b io cid e s M I T  a nd  T h io m e rs a l in 

R 2 A  m e d iu m  and B I T  and M I T  in C D M  m e d iu m  (T a b le  1 7 ) .  T h e  T - O M P  disappeared 

after the th ird  passage in  the presence o f  the b io c id e  B I T  w h e n  c u ltu re d  in  R 2 A  m e d iu m . 

H o w e v e r , w h e n  e xp o s e d  to the b io c id e  C M I T ,  the O M P  d id  n o t disappear u n til the th ird  

passage w h e n  c u ltu re d  in  R 2 A  an d  it w as n o t d e fin ite ly  absent u n til afte r the sixth  passage 

in  the presence o f  b io c id e . C M I T  is the m o st re a c tive  o f  the fo u r  b io cid e s used in  the stu dy 

a nd  a s ig n ific a n t increase in the M I C  w as n o t o b se rve d  u n til the th ird  o r fo u rth  passage in 

the presence o f  b io c id e  (Fig u re s  19  a nd  2 0 ). T h u s , this m a y  accou nt fo r  T - O M P s  fa ilu re  to 

disappear c o m p le te ly  u n til the se venth passage. O M P  p ro file s  o f  the cells e xp o s e d  to M I T ,  

B I T  and T h io m e rs a l are g iv e n  i f  F ig u re s  2 5 , 29 and 30 re s p e c tive ly and the m e asurem ent 

data p ro p a g a te d  b y  the P h o re tix  so ftw are  is g iv e n  in  T a b le s  1 5 , 16  and 1 7  re s p e c tive ly . 

T h e r e  w e re  som e va ria tio n s in the n u m b e r o f  o u te r m e m b ra n e  p roteins in  the c o n tro l cells 

an d  resistant passages, h o w e v e r , the m o st p ro m in e n t d iffe re n c e  w as the absence o f  T - O M P .  

A l l  o f  the passages fr o m  1 to 1 2  o f  the cells e xp o se d  to  C M I T  c u ltu re d  in C D M  are sh o w n  

in  F ig u r e s  25 to  33 and the m e asu re m e nt data is s h o w n  in T a b le s  2 1  to 2 4 . It  was n o t 

e v id e n t fr o m  the gels that T - O M P  disappears u n til passage fo u r , afte r w h ic h  T - O M P  is 

c le a rly absent u n til passage 1 1 .

O n c e  the cells w e re  c u ltu re d  in  b io c id e  free m e d iu m , T - O M P  reappeared. T h is  w a s 

c le a rly o b se rve d  in  F ig u re s  25 and 29 to 3 3 . T - O M P  w as cle a rly v is ib le  in  passage 12  cells 

e xp o s e d  to  C M I T  cu ltu re d  in C D M  (F ig u r e  3 3 ). T h e  p ro te in  w as also c le a rly present in the
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passage 1 4  cells e xp o s e d  to B I T  and M I T  c u ltu re d  in  R 2 A  (F ig u r e s  25 and 2 9 ). T h is  

im p lie s  the loss o f  T - O M P  is a p h e n o ty p ic  adaptatio n related to the d irect presence o f  the 

b io c id e  and n o t a g e n o ty p ic  adap tatio n.
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Table 16: O b s e rv a tio n  o f  the presence o f  T - O M P  fo llo w in g  e x p o s u re  to the 

is o th ia zo lo n e  b io c id e s and thio m ersal in  R 2 A  m e d ia  and C D M  m e d iu m .

Passage R 2 A  m e d ia  

B I T  M I T C M I T T h i o .

C D M

B I T M I T C M I T

1 +  + + + + + +

2 + + - - - +

3 + - - - - +

4 - - - - - +/-

5 - - - - - +/-

6 - - - - - -

7 - - - - - -

8 - - - - - -

9 - - - - - -

10 - - - - - -

11 - - - - - -

12 + + +/- - + +

13 +  + + + - + +

1 4 +  + + + + + +

+  =  presence o f  T - O M P  

- =  absence o f  T - O M P
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Table 1 7 :  E s tim a tio n  o f  the M o le c u la r  W e ig h t o f  T - O M P  b y  the P h o r e tix  S o ftw a re .

B io c id e M e d ia Passage N u m b e r M o le c u la r  W e ig h t 

( D a )

B I T R 2 A 1 , 1 1 , 1 4 3 2 2 4 9

M I T R 2 A 1 , 1 1 , 1 4 3 2 9 78

C M I T R 2 A 1 ,  1 1  ,1 4 35803

T h io m e rs a l R 2 A 1 , 1 1 , 1 4 3 1 2 2 4

B I T C D M 4 ,5 3 6 5 7 7

M I T C D M 1 , 1 1 , 1 4 3 2 9 78

C M I T C D M 1 - 4 3 3 2 9 7

C M I T C D M

001in 3 3 13 8

C M I T C D M 9 - 1 2 3 2 3 1 0

C M I T C D M 1 3 , 1 4 3 1 5 8 1
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F i g u r e  29  (a ) Outer Membrane Protein Profile of Pseudomonas aeruginosa PAOl cells 
cultured in R2A medium and exposed to BIT. Lane 1: molecular weight markers; Lane 2: 
control cells; Lane 3: passage 1 cells; Lane 4: passage 11 cells; Lane 5: passage 14 cells; Lane 
6 : control cells; Lane 7: molecular weight markers, ( b )  The same gel image after Phoretix 
analysis. Black lines on the image indictae the presence of protein bands. White lines on the 
image indicates computed propagation of molecular weights across the gel. Scales icon 
indicates the marker lanes. Protein concentrations:- Lane 3: 60 pg mL'1; Lane 4: 14pg mL'1; 
Lane 5: 20 pg mL'1.
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Table 18: M e a s u re m e n t D a t a  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t  and R f  va lu e  

fo r  O u t e r  M e m b ra n e  P ro te in s  o f  Pseudomonas aeruginosa  P A O l  E x p o s e d  to  B I T  

c u ltu re d  in  R 2 A  m e d ia . ( M W : m o le c u la r w e ig h t; R f :  re fra c tio n  fa c to r; P o s n : b an d  

p o s itio n  o n  g e l; C o : c o rre s p o n d in g  p ro te in to  lane 2 : N :  n o v e l p ro te in )

Lane 1 (molecular weight markers) Lane 2 (control cells) Lane 3 (passage 1 cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 117 66000 0.37 - 1 99 82543 0.32 - 1 106 78222 0.34 N
2 115 45000 0.49 - 2 139 52368 0.44 - 2 129 59488 0.41 N
3 240 36000 0.76 - 3 145 49700 0.46 - 3 180 40088 0.57 4
4 286 29000 0.91 - 4 181 39290 0.58 - 4 193 37729 0.61 5

5 192 37421 0.61 - 5 210 35494 0.67 6
6 206 35604 0.66 - 6 231 33659 0.73 7
7 216 34605 0.69 - 7 236 33332 0.75 8
8 229 33591 0.73 - 8 249 32631 0.79 9
9 240 32930 0.77 - 9 259 32211 0.82 10
10 255 32249 0.81 - 10 277 31650 0.88 11
11 275 31625 0.88 - 11 295 31270 0.94 12
12 297 31188 0.95 -

Lane 4 (passage 11 cells) Lane 5 (passage 14 cells) Lane 6 (control cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 130 57663 0.42 N 1 174 40958 0.55 4 1 99 82543 0.32 1
2 143 50991 0.46 3 2 195 37127 0.62 5 2 145 49700 0.46 3
3 167 42674 0.54 N 3 211 35178 0.67 6 3 163 43493 0.52 N
4 190 37887 0.61 5 4 232 33459 0.73 8 4 178 39882 0.57 4
5 211 35178 0.68 6 5 239 33039 0.76 9 5 191 37573 0.61 5
6 232 33459 0.74 8 6 254 32327 0.80 10 6 199 36444 0.63 6
7 244 32776 0.78 9 7 276 31625 0.87 11 7 215 34695 0.68 7
8 282 31485 0.90 11 8 297 31204 0.94 12 8 230 33524 0.73 8
9 299 31173 0.96 12 9 243 32776 0.77 9

10 250 32452 0.80 10
11 265 31903 0.84 11
12 294 31236 0.94 12
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F i g u r e  30 (a ) Outer Membrane Protein Profile of Pseudomonas aeruginosa PAOl cells 
cultured in R2A medium and exposed to MIT. Lane 1: molecular weight markers; Lane 2: 
control cells; Lane 3: passage 5 cells; Lane 4: passage 6 cells;, (b) The same gel image after 
Phoretix analysis. Black lines on the image indictae the presence of protein bands. White lines 
on the image indicates computed propagation of molecular weights across the gel. Scales icon 
indicates the marker lanes. Protein concentrations:- Lane 3: 14 |ng mL'1; Lane 4: 14 jug mL'1.
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Table 19: M e a s u re m e n t D a ta  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t an d  R f  va lu e  

fo r  O u t e r  M e m b r a n e  Pro te in s o f  Pseudomonas aeruginosa  P A O l  E x p o s e d  to 

T h io m e r s a l c u ltu re d  in  R 2 A  m e d ia . ( M W :  m o le c u la r w e ig h t; R f :  re fra c tio n  fa c to r;

P o s n : b a n d  p o s itio n  o n g e l; C o : c o rre s p o n d in g  p ro te in  to  la n e 2 ; N :  n o v e l p ro te in )
Lane 1 (molecular weight markers) Lane 2 (control cells)
Band Posn MW Rf Co Band Posn MW Rf Co

1 105 94000 0.29 - 1 3 224796 0.01 .

2 145 67000 0.40 - 2 72 125349 0.20 -

3 223 43000 0.62 - 3 82 115175 0.22 .

4 283 30000 0.78 - 4 87 110402 0.24 -

5 343 20100 0.95 - 5 123 80801 0.34 -

6 139 70693 0.38 -

7 150 65085 0.41 -

8 171 56879 0.47 -

9 178 54657 0.49 -

10 193 50451 0.53 -

11 204 47690 0.56 -

12 212 45783 0.58 -

13 223 43230 0.61 -

14 253 36438 0.70 -

15 284 30000 0.78 -

16 298 27376 0.82 -

17 312 24944 0.86 -

18 329 22248 0.91 -

19 341 20513 0.94 -

Lane 3 (passage 5 cells) Lane 4 (passage 6 cells)
Band Posn MW Rf Co Band Posn MW Rf Co1 72 124293 0.20 2 1 72 124293 0.20 22 86 110402 0.24 4 2 84 112287 0.23 33 116 85181 0.32 N 3 115 85942 0.32 N4 140 69593 0.39 6 4 124 79412 0.34 55 152 63736 0.42 N 5 142 68529 0.39 66 161 60069 0.45 N 6 150 64628 0.42 N7 172 56224 0.48 8 7 170 56879 0.47 88 180 53762 0.50 9 8 179 54057 0.50 99 193 50191 0.53 10 9 192 50451 0.53 1010 204 47448 0.57 11 10 204 47448 0.57 1111 211 45783 0.58 12 11 220 43692 0.61 1312 250 36878 0.69 14 12 254 36000 0.70 1413 296 27557 0.82 16 13 295 27739 0.82 1614 313 24612 0.87 17 14 312 24777 0.86 1715 330 21949 0.91 18 15 327 22399 0.91 1816 342 20237 0.95 19 16 338 20793 0.94 1917 364 17471 1.00 - 17 364 17471 1.00 -
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F i g u r e  3 1  (a ) Outer Membrane Protein Profile of Pseudomonas aeruginosa PAOl cells 
cultured in R2A medium and exposed to CMIT. Lane 1: molecular weight markers; Lane 2: 
control cells; Lane 3: passage 1 cells; Lane 4: passage 2 cells; Lane 5: passage 3 cells; Lane 6: 
passage 4 cells; Lane 7: control cells, (b) The same gel image after Phoretix analysis. Black 
lines on the image indictae the presence of protein bands. White lines on the image indicates 
computed propagation of molecular weights across the gel. Scales icon indicates the marker 
lanes. Protein concentrations:- Lane 3: 1 |Lig mL'1; Lane 4: 2pg mL'1; Lane 5: 2 pg mL'1; Lane 
6 : 2 pg mL'1.
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Table 20: M e a s u re m e n t D a ta  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t and R f  v a lu e  

fo r  O u t e r  M e m b r a n e  P ro te in s  o f  Pseudomonas aeruginosa  P A O l  E x p o s e d  to 

C M I T  (Passage 1 - 4 )  cu ltu re d  in  C D M  m e d ia . ( M W :  m o le c u la r w e ig h t; R f :  re fra c tio n 

fa c to r; P o s n : b a n d  p o s itio n  o n  g e l; C o : c o rre s p o n d in g  p ro te in  to  lane 1 ;  N :  n o v e l p ro te in ).

Lane 1 (control cells) Lane 2 (passage 1 cells) Lane 3 (passage 2 cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 33 149956 0.09 - 1 208 46948 0.58 13 1 2 192548 0.01 N
2 71 114701 0.20 - 2 248 36635 0.69 15 2 43 143706 0.12 1
3 79 108467 0.22 - 3 280 30333 0.78 17 3 82 109226 0.23 3
4 91 99786 0.25 - 4 324 23790 0.90 4 4 101 95728 0.28 5
5 96 96392 0.27 - 5 346 21240 0.96 5 5 116 86341 0.32 N
6 106 89970 0.30 - 6 122 82870 0.34 N
7 115 84586 0.32 - 7 137 74842 0.38 N
8 130 76377 0.36 - 8 162 63304 0.45 N
9 151 66321 0.42 - 9 183 55140 0.51 N
10 172 57721 0.48 - 10 191 52351 0.53 11
11 186 52691 0.52 - 11 210 46356 0.58 13
12 199 48467 0.55 - 12 219 43799 0.61 14
13 209 45485 0.58 - 13 248 36635 0.69 16
14 220 42451 0.61 - 14 280 30333 0.78 17
15 238 37993 0.66 - 15 326 23541 0.91 N
16 249 35549 0.69 - 16 337 22233 0.94 18
17 272 31041 0.76 - 17 350 20819 0.97 19
18 327 22993 0.91 -

19 339 21563 0.94 -

Lane 4 (passage 3 cells) Lane 5 (passage 4 cells) Lane 6 (control cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co
1 136 75862 0.38 8 1 144 71874 0.40 N 1 45 141683 0.13 1
2 157 65880 0.44 9 2 161 64150 0.45 9 2 85 106966 0.24 2
3 187 54075 0.52 11 3 189 53377 0.53 11 3 90 103309 0.25 N
4 209 46948 0.58 13 4 213 45773 0.59 13 4 111 89354 0.31 6
5 222 43254 0.62 14 5 224 42717 0.62 14 5 121 83438 0.34 7
6 245 37534 0.68 15 6 251 36196 0.70 15 6 128 79551 0.36 N
7 227 31041 0.77 17 7 285 29646 0.79 N 7 144 71392 0.40 N
8 318 24693 0.89 N 8 325 23790 0.91 18 8 164 62470 0.46 11
9 326 23665 0.91 18 9 345 21455 0.96 19 9 186 54075 0.52 N
10 339 22119 0.94 19 10 199 49723 0.55 12

11 214 45199 0.60 13
12 224 42451 0.62 14
13 236 39413 0.66 15
14 254 35336 0.71 16
15 264 33297 0.74 N
16 286 29310 0.80 N
17 330 23053 0.92 18
18 |346 21240 0.96 19
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F i g u r e  3 2  (a )  Outer Membrane Protein Profile of Pseudomonas aeruginosa PAOl cells 
cultured in R2A medium and exposed to CMIT. Lane 1: molecular weight markers; Lane 2: 
control cells; Lane 3: passage 5 cells; Lane 4: passage 6 cells; Lane 5: passage 7 cells; Lane 6: 
passage 8 cells; Lane 7: control cells, (b )  The same gel image after Phoretix analysis. Black 
lines on the image indictae the presence of protein bands. White lines on the image indicates 
computed propagation of molecular weights across the gel. Scales icon indicates the marker 
lanes. Protein concentrations:- Lane 3: 1 pg mL'1; Lane 4: 8pg mL'1; Lane 5: 20 pg mL'1; Lane 
6 : 40 pg mL'1.
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Table 21: M e a s u re m e n t D a t a  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t and R f  va lu e  

fo r  O u t e r  M e m b r a n e  P ro te in s  o f  Pseudomonas aeruginosa  P A O l  E x p o s e d  to  C M I T  

(Passage 5 to  8) c u ltu re d  in  C D M  m e d ia . ( M W : m o le c u la r w e ig h t; R f :  re fra c tio n  

fa c to r; P o s n : b a n d  p o s itio n  o n g e l; C o : co rre s p o n d in g  p ro te in to  lane 1 ;  N :  n o v e l p ro te in )

Lane 1 (control cells) Lane 2 (passage 5 cells) Lane 3 (passage 6 cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 46 130813 0.13 - 1 338 20587 0.96 17 1 3 183219 0.01 N
2 84 98457 0.24 - 2 46 131807 0.13 1
3 104 85051 0.30 - 3 95 91481 0.27 N
4 112 80272 0.32 - 4 119 76886 0.34 5
5 119 76338 0.34 - 5 144 64434 0.41 7
6 128 71599 0.36 - 6 161 57306 0.46 8
7 142 64885 0.40 - 7 176 51786 0.50 98 164 55767 0.47 - 8 187 48146 0.53 N9 177 51100 0.50 - 9 195 45697 0.55 1010 190 46901 0.54 - 10 217 39729 0.62 12
11 200 43962 0.57 - 11 227 37351 0.64 1312 218 39238 0.62 - 12 257 31276 0.73 N
13 229 36674 0.65 - 13 285 26801 0.81 1614 242 33927 0.69 - 14 339 20587 0.96 17
15 258 30921 0.73 -
16 292 25699 0.83 -
17 340 20405 0.97 -

Lane 4 (passage 7 cells) 
Band Posn MW Rf Co

Lane 5 (passage 8 cells) 
Band Posn MW Rf Co

Lane 6 (control cells) 
Band Posn MW Rf Co

1 20 159490 0.06 N 1 4 180407 0.01 N 1 44 132810 0.13 1
2 33 144392 0.09 N 2 84 98457 0.24 2 2 82 99921 0.23 2
3 94 91481 0.27 N 3 93 92153 0.26 N 3 88 95598 0.25 N
4 146 63103 0.41 7 4 105 84436 0.30 3 4 112 80272 0.32 4
5 162 56530 0.46 8 5 125 73140 0.36 N 5 120 75794 0.34 5
6 177 51100 0.50 9 6 146 63103 0.41 7 6 127 72108 0.36 6
7 195 45402 0.55 10 7 177 51100 0.50 9 7 144 63987 0.41 7
8 220 38755 0.63 12 8 216 39729 0.61 12 8 167 54646 0.47 89 228 36898 0.65 13 9 265 29725 0.75 15 9 191 46597 0.54 10
10 258 30921 0.73 15 10 340 20405 0.97 17 10 204 42851 0.58 1111 284 26801 0.81 16 11 219 38995 0.62 12
12 342 20226 0.97 17 12 232 36014 0.66 13

13 246 33138 0.70 14
14 260 30573 0.74 15
15 281 27233 0.80 16
16 346 19877 0.98 17
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F i g u r e  3 3  (a )  O u te r  M e m b ra n e  P ro te in  P r o file  o f  Pseudomonas aeruginosa  P A O l  cells 
c u ltu re d  in  R 2 A  m e d iu m  and e xp o s e d  to C M I T .  L a n e  1 : m o le c u la r w e ig h t m a rk e rs; L a n e  2 : 
c o n tro l ce lls; L a n e  3 : passage 9 cells; L a n e  4 : passage 10  cells; L a n e  5 : passage 1 1  cells; L a n e  
6 : passage 1 2  ce lls; L a n e  7 :  c o ntro l cells, (b )  T h e  sam e gel im a g e  a fte r P h o re tix  analysis. 
B la c k  lines o n  the im ag e  indictae the presence o f  p ro te in b ands. W h it e  lines on the im ag e 
indicates c o m p u te d  p ro p a g a tio n  o f  m o le c u la r w e ig h ts across the g e l. Scales ic o n  indicates the 
m a rk e r lanes. P ro te in  c o n c e n tra tio n s:- L a n e  3 : 10  jag m L 1; L a n e  4 : 1 6 p g  m L ' 1; L a n e  5 : 2 jag 
m L ' 1; L a n e  6 : 48 jag m L 1.
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Table 22: M e a s u re m e n t D a ta  in d ic a tin g  B a n d  P o s itio n , M o le c u la r  W e ig h t and R f  va lu e  

fo r  O u t e r  M e m b r a n e  Pro te in s o f  Pseudom onas aeruginosa  P A O l  E x p o s e d  to  C M I T  

(Passage 9 to 1 2 )  c u ltu re d  in C D M  m e d ia . ( M W : m o le c u la r w e ig h t; R f :  re fra ctio n fa c to r; 

P o s n : b a n d  p o s itio n  o n  g e l; C o : c o rre s p o n d in g  p rotein to lane 1 ;  N :  n o v e l p ro te in ).

Lane 1 (control cells ) Lane 2 (passage 9 cells) Lane 3 (passage 10 cells)
Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co

1 2 177070 0.01 - 1 95 89158 0.28 3 1 87 94445 0.26 N2 57 117532 0.17 - 2 105 83002 0.31 4 3 108 81248 0.32 4
3 96 88521 0.28 - 3 115 77314 0.34 5 4 130 69581 0.38 64 101 85407 0.30 - 4 135 67200 0.40 6 5 144 63145 0.42 N5 117 76229 0.35 - 5 153 59368 0.45 8 6 184 48234 0.54 106 130 68581 0.38 - 6 190 46377 0.56 11 7 214 39768 0.63 N7 137 66274 0.40 - 7 227 36678 0.67 13 8 229 36230 0.68 148 152 59775 0.45 - 8 276 27508 0.81 17 9 274 27816 0.81 179 170 52927 0.50 - 9 324 21385 0.96 18 10 323 21490 0.95 1810 181 49197 0.53 -
11 194 45187 0.57 -
12 204 42370 0.60 -
13 222 37829 0.65 -
14 233 35355 0.69 -
15 246 32696 0.73 -
16 261 29948 0.77 -
17 283 26464 0.83 -
18 324 21385 0.96 -

Lane 4
(passage 11 cells)

Lane 5
(passage 12 cells)

Lane 6
(control cells)

Band Posn MW Rf Co Band Posn MW Rf Co Band Posn MW Rf Co
1 90 92423 0.27 N 1 3 177070 0.01 1 1 54 118400 0.16 22 101 85407 0.30 4 2 51 123753 0.15 N 2 94 88521 0.28 33 113 78416 0.33 5 3 87 95130 0.26 N 3 112 77863 0.33 54 136 66736 0.40 7 4 98 87888 0.29 3 4 118 74634 0.35 N5 156 58168 0.46 8 5 109 81248 0.32 N 5 126 70560 0.37 66 169 53282 0.50 9 6 128 71055 0.38 N 6 134 66736 0.40 77 186 47605 0.55 10 7 154 59368 0.45 8 7 148 60598 0.44 88 214 39768 0.63 N 8 168 54002 0.50 9 8 170 52224 0.50 99 223 37595 0.66 13 9 188 47295 0.55 10 9 178 49523 0.53 1010 275 27661 0.81 17 10 222 38065 0.65 13 10 194 44605 0.57 1111 321 21703 0.95 18 11 250 32120 0.74 15 11 205 41568 0.60 12

12 281 26904 0.83 17 12 222 37363 0.65 13
13 323 21596 0.95 18 13 231 35355 0.68 14

14 246 32310 0.73 15
15 260 29776 0.77 16
16 282 26319 0.83 17
17 324 21177 0.96 18
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The Use of Two-Dimensional Polyacrylamide Gel Electrophoresis to 
investigate T-OMP shifts in P s e u d o m o n a s  a e r u g i n o s a  PAOl

T w o -d im e n s io n a l gel electrophoresis ( 2 - D  P A G E )  w a s in tro d u c e d  b y  O 'F a r r e ll  

( 1 9 7 5 ) . I t  is a p o w e rfu l to o l in  the separation and q u a n tific a tio n  o f  p roteins fr o m  c o m p le x 

m ixtu re s  due to  its re so lu tio n  an d  s e n s itiv ity . P ro te in s  are separated in the firs t d im e n sio n  

b y  iso electric fo c u s sin g  a cco rd ing  to  th e ir isoelectric p o in t and in  the second d im e n sio n  

a c c o rd in g  to m o le c u la r w e ig h t b y  S D S  p o ly a c ry la m id e  gel electrop ho resis. T h e  system  

separates in d iv id u a l proteins as discrete spots o n gels and is s u ffic ie n tly  se nsitive as to 

re so lve  p ro te ins d iffe rin g  in  a single charge. T h e  firs t-d im e n s io n a l stage (isoelectric 

fo c u s s in g ; I E F )  o f  the te ch niqu e  can be p e rfo rm e d  in  tw o  d iffe re n t w a y s . T h e  first

d im e n sio n a l gel (tu b e -g e l) can be p re -ru n  (w ith o u t sa m ple ) to establish the p H  g rad ie n t, 

this is k n o w n  as the p re -fo rm e d  stage. A lte r n a tiv e ly , the sam ple can be im m e d ia te ly  

a p p lie d  to the tu b e -ge l and the p H  grad ien t established d u rin g  the isoelectric focussin g 

stage (the n o n -e q u ilib riu m  p H  grad ien t electrophoresis te c h n iq u e ; N E P H G E ) .

Preparation o f  Glass Tubes fo r  the First-Dim ensional stage

T h e  glass tubes ( 1  m m  d iam e te r) w e re  so ake d  in  5 %  D e c o n  ( B D H )  o v e rn ig h t, 

rinse d  th o ro u g h ly  in d eionised  w a te r and place d  in  fre sh  p o ta s siu m  h y d r o x id e  so lution 

( K O H ,  0 .4  g ; e th a n o l, 20 m L ) .  T h e  tubes w ere rinse d  in  d e io n ise d  w a te r, p lace d  in 1 0 0 %  

e th an o l a nd  the n a llo w e d  to air d r y . O n c e  d rie d  the tubes w e re  sealed w ith  three layers o f  

p a ra film  an d  p lace d  in  the p o u rin g  stand. T h e  tubes w e re  m a rk e d  5 m m  fr o m  the top to 

ensure all tubes gels w ere the sam e le n gth  in o rd e r to fa c ilitate  re p ro d u c ib ility  b etw een 

ru n s.

Preparation o f  Tube-Gel (First Dimension Protein Separation)

A n  a liq u o t ( 1 0  m L )  o f  the gel m ix tu re  (u re a , 5 .5  g ; a c ry la m id e  s to c k , 1 .3 3  m L ;  

a c ry la m id e , 1 4 .1 9  g ; b is -a c ry la m id e , 0 .8  g ; d e io nise d  w a te r, 50 m L ) ,  Ig e p a l C A - 6 3 0  sto ck, 

2 m l , 10  v / v ; R e s o ly te  ( B D H ,  P o o le , p H  3.5  to 1 0 , 0 .3  m L ) ,  R e s o ly te  ( B D H ,  P o o le , p H  4  to
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8 , 0 .2  m L ) ;  d e io nise d  w a te r, 1 .9 7  m L )  w as p re p a re d . T h e  fla s k  w a s m ix e d  co nsta ntly at 

3 7 ° C  in  a w a te r bath ( G a lle n k a m p , E n g la n d )  u n til the urea c o m p le te ly  d iss o lve d . T h e  gel 

m ix tu r e  w as then degassed. F o r  the N E P H G E  m e th o d  a m m o n iu m  persu lph ate (2 0  pL\ 1 0 %  

w / v )  an d  T E M E D  ( 1 4  pL)  w e re  added. T h e  s o lu tio n  w as lo a d e d  in to  gel tubes using a 

s y rin g e  w ith  a n a rro w  g au ge  h y p o d e rm ic  ne e dle . T h e  tubes w e re  fille d  a p p ro x im a te ly  5 

m m  fr o m  the to p . T h e  gels w e re  o v e rla id  w ith  gel o v e rla y  s o lu tio n  (2 0  jiiL ; urea, 4 .8 1  g ; 

d e io n is e d  w a te r, 10  m L )  an d  a llo w e d  to p o ly m e ris e  f o r  one h o u r. T h e  tubes w ere re m o v e d  

fr o m  the p o u rin g  stand, p a ra film  c a re fu lly  re m o v e d  a nd  the gel o v e rla y  so lu tio n w as 

r e m o v e d . T h e  surface o f  the gel w as rinsed three tim e s w ith  d e io n is e d  w a te r.

Isoelectric Focusing o f  Protein Samples

T h e  tube gels w e re  p la c e d  in the 2 - D  gel rig  and the b o tto m  re s e rv o ir c h am be r w as 

fille d  w ith  fre s h ly  pre pare d  0 .2 M  N a O H .  A n  a liq u o t (2 0  pL)  o f  lys is b u ffe r  (urea, 9 .5 M ; 

Ig e p a l C A - 6 3 0 , 1 0 %  v / v ; d ith io th re ito l, 1 M ;  R e s o ly te  ( B D H ,  p H  3 .5  to  1 0 , 0 .3  m L ) ;  

R e s o ly te  ( B D H ,  p H  4  to  8 , 0 .2  m L ) ;  d istille d  w a te r, 3 m L )  w as a d d e d  to  the surface o f  the 

tube g e ls. A n  a liq u o t (2 0  pL)  o f  the test sam ples c o n ta in in g  9 M  urea w as added to the tube 

gels. T h e  sam ples w e re  o v e rla id  w ith  sam ple o v e r la y  ( 1 0  pL; u re a , 8M ;  R e s o ly te  p H  3 .5  to 

1 0 , 2 5 0  / r L ; d istille d  w a te r, 5 m L ) .  T h e  to p  re s e rv o ir c h a m b e r w as fille d  w ith  fre s h ly  

p re p a re d  0 . 1 M  H 3P O 4 e n s u rin g  the re m a in d e r o f  the tubes w a s fille d  and n o  air bubbles

w e re  present. T h e  syste m  w as ru n  at 5 0 0 V  fo r  f iv e  h ou rs ( 2 1 9 7  p o w e r  s u p p ly , L K B ) .  T h e  

tu b e  gels w e re  then re m o v e d  fr o m  the glass tu b e s, ro lle d  in p a r a film  an d  place d in S D S  

sa m ple  b u ffe r  (5 m L ;  g ly c e r o l, 1 0 %  w / v ; D T T ,  15  w / v ; S D S , 2 .3 %  w / v ; T r i s , 0 .0 6 2 5 M ; p H  

adju sted  to p H  6 . 8) fo r  30 m in u te s . T h e  tubes w e re  then stored at - 2 0 ° C  fo r  later analysis.

Preparation o f  Slab G el (Second Dimension Protein Separation)

S to c k  a c ryla m id e  s o lu tio n  ( 1 0  m L ;  a c ry la m id e , 7 3  g ; b is -a c ry la m id e , 2 g ; d istille d  

w a te r, 2 5 0  m L ) ,  d istille d  w a te r ( 1 2  m L ) ,  and sto ck separating b u ffe r  ( 7 .5  m L ;  S D S , 1 g ; 

T r is  b u ffe r , 4 5 .5  g ; m a d e  u p  to  2 5 0  m L  w ith  d e io n ise d  w a te r, p H  8 .0 ) w e re  added together 

and degassed. S to c k  a m m o n iu m  persulphate so lu tio n  (45 pL; 1 0 %  w / v ) , and N , N , N ' , N ' -
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te tra m e th y l-e th y le n e d ia m in e  ( T E M E D ;  15  / x L ) , w e re  added to  b e g in  the p o ly m e ris a tio n  

process. T h e  m ix tu r e  w as m ix e d  g e n tly  to  a v o id  re -g a s sin g , an d  p o u re d  in to  a p repared gel 

cast ( 1 .0  m m  th ic k : m i n i - P R O T E A N  I I ,  B io r a d ). T h e  gel w a s o v e rla y e d  w ith  w a te r- 

saturated b u ta n -2 -o l, an d  le ft to set fo r  a p p ro x im a te ly  l h .  T h e  b u ta n -2 -o l w as re m o v e d  and 

the surface o f  the gel w as rinsed w ith  d e io n ise d  w a te r. T h e  tu b e  gel w h ic h  h a d  p re v io u s ly  

been d e fro ste d  a nd  p la c e d  in  fresh S D S -s a m p le  b u ffe r  fo r  30 m in u te s w as place d o n  the 

surface o f  the se parating slab g e l, ensu rin g  n o  a ir bubble s w e re  present b e tw e e n the tube 

an d  slab gels. A  th in  la y e r o f  0 .1 %  b ro m o p h e n o l blue w as p la c e d  a lo n g  the surface o f  the 

tube g el. T h e  gel w a s transferre d to a m i n i - P R O T E A N  I I  s y s te m , ( B io r a d ). T h e  u p p e r and 

lo w e r  b u ffe r  ch am be rs w e re  fille d  w ith  re s e rvo ir b u ffe r (g ly c in e , 0 .1 9 2 M ; T r i s , 0 .0 2 5 M ; 

S D S ,  0 .1 %  w / w ). A  constant current (35 m A )  w as a p p lie d  to  the gels b y  a p o w e rp a c k  

( L K B )  fo r  a p p ro x im a te ly  3 h , o r u n til the b ro m o p h e n o l b lu e  fr o n t reache d the b o tto m  o f  the 

g e l. T h e  gels w e re  re m o v e d  fr o m  the m i n i - P R O T E A N  I I  syste m  a n d  silv e r stained (C h a p te r 

2) .
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S e p a r a te d  a c c o rd in g  to  is o e le c t r ic  p o in t  p H  4 -8

a A

Separate d 
accord ing  to 
m o le c u la r 
w e ig h t

V

F i g u r e  3 4 : (a )  T w o -D im e n s io n a l G e l  Ele c tro p h o re s is  o f  o u te r m e m b ra n e  p rotein ( O M P )  
p ro file s  o f  se nsitive cells o f  Pseudomonas aeruginosa  P A O l  c u ltu re d  in R 2 A  m e d iu m . 
T h e  gel e x h ib its  O M P s  separated b y  the isoelectric p o in t (re a d in g  fr o m  le ft to rig h t) and 
m o le c u la r w e ig h t (re ad in g  to p  to b o tto m ), (b )  T h e  sam e gel s h o w in g  the p o sitio n  o f  the 
id e n tifie d  p ro te in s.
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F i g u r e  3 4  (c ):T w o -d im e n s io n a l gel electrophoresis o f  o u te r m e m b ra n e  p ro te in ( O M P )  p ro file  

o f  se nsitive cells o f  Pseudomonas aeruginosa  P A O l  c u ltu re d  in R 2 A  m e d iu m . T h e  sam e gel 

im ag e  as p re v io u s ly  sh o w n  in figu res 34 a and b a fte r P h o r e tix  treatm en t. L a n e  1 is a 

m o le c u la r w e ig h t m a rk e r, w h e re  the p ro te in o rig in  and e n d  p o in t h a ve  been prepared to  e x a c tly  

co rre spo n d  to the o rig in  and end p o in t o f  the tw o -d im e n s io n a l g e l. B la c k  lines on the im age 

indicate the m o le c u la r w e ig h t o f  specific m a rk e r p roteins chosen fr o m  the tw o -d im e n s io n a l 

g el. W h ite  lines o n  the im ag e  indicate c o m p u te d  p ro p a g a tio n  o f  m o le c u la r w e ig h ts across the 

g el. Scales ic o n  indicates the m a rk e r lanes. L a n e  2 illustrates the separation o f  the protein 

sa m p le , the total p ro te in  conce ntration o f  this lane is 0 .0 8  fig  m l"1.
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Table 23: Measurement data indicating Protein position, Molecular weight and Isoelectric points of the 
proteins identified from the Two-Dimensional gel analysis of the OMPs from the sensitive cells of 
Pseudomonas aeruginosa PAOl and the appropriate corresponding protein numbers for the resistant cells.
Sensitive cells Corresponding protein number of resistant cells

Protein
Number

MWt (Da). IEF BIT MIT CMIT Thio
1 71440 4 nd - nd -
2 66946 4 nd - nd -
3 62276 4 nd - nd -
4 62276 4.1 nd - nd -
5 62276 4.2 nd - nd -
6 56983 4 nd - nd -
7 52650 6.6 nd - nd -
8 52650 6.7 nd - nd -
9 52650 6.9 nd - nd -
10 52650 7 nd - nd -
11 52650 7.1 nd 8 nd -
12 52650 7.4 nd - nd -
13 52650 7.5 nd - nd -
14 51735 4.75 nd - nd -
15 51735 5.9 nd - nd -
16 50820 4.65 nd 10 nd -
17 50096 5.4 nd 11 nd -
18 50820 5.5 nd - nd -
19 50820 5.6 nd - nd -
20 50820 5.65 nd - nd -
21 50820 5.7 nd - nd -
22 50820 5.8 nd - nd -
23 46158 7 nd - nd -
24 46158 7 nd - nd -
25 46158 7.1 nd 22 nd -
26 43741 4.55 nd - nd -
27 41330 4.7 nd - nd -
28 41330 4.8 nd - nd -
29 39342 4.5 nd 27 nd -
30 36523 4.8 nd - nd -
31 33272 4.65 nd 30 nd -
32 33272 4.7 nd 30 nd -
33 33272 4.8 nd 31 nd -
34 31642 4.7 nd 33 nd 22
35 29889 4.65 nd 34 nd 27
36 29489 4.8 nd 35 nd -
37 29105 4.1 nd - nd 28
38 26565 4.5 nd - nd -
39 25700 4.45 nd - nd -
40 23784 5.2 nd - nd 32
41 23784 5.5 nd - nd -
42 23316 4.2 nd - nd 33
43 23316 4.5 nd - nd -
44 23595 4.7 nd - nd -
45 23236 4.8 nd - nd -
46 22512 4.4 nd - nd 34

nd = not possible to triangulate proteins; - = no appropriate protein; embolden: T-OMP range
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S e p a r a te d  a c c o r d in g  to  i s o e le c tr ic  p o in t  p H  4 -8

a

b

<■ >

Separated
a ccording
to
m o le c u la r
w e ig h t

F i g u r e  3 5 : (a ) T w o -D im e n s io n a l G e l Ele c tro p h o re s is  o f  o u te r m e m b ra n e  p ro te in  ( O M P )  
p ro file s o f  cells o f  Pseudom onas aeruginosa  P A O l  resistant to  B I T  c u ltu re d  in R 2 A  m e d iu m . 
T h e  gel e x h ib its  O M P s  separated b y  the isoelectric p o in t (re ad in g  fr o m  le ft to rig h t) and 
m o le c u la r w e ig h t (re ad in g  to p  to b o tto m ), (b )  T h e  sam e gel im ag e  in d ic a tin g  the presence o f  
id e n tifia b le  separated p ro te in s , w h ic h  w ere then p lo tte d  fo r  gel p o s itio n  using th e ir m o le c u la r 
w e ig h t and isoelectric fo c u s sin g  c o n d itio n s . T h e  total p ro te in  c o n c e n tra tio n  is 0 .0 8  fig  m L ' 1.
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S e p a r a te d  a c c o rd in g  to  is o e le c tr ic  p o in t  p H  4 -8
<■

a

Separate d
accord ing
to
m o le c u la r
w e ig h t

F i g u r e  3 6 : (a )  T w o -D im e n s io n a l G e l E le c tro p h o re s is  o f  ou ter m e m b ra n e  p rotein ( O M P )  
p ro file s  o f  cells o f  Pseudom onas aeruginosa  P A O l  resistant to M I T  c u ltu re d  in R 2 A  m e d iu m . 
T h e  gel e x h ib its  O M P s  separated b y  the isoelectric p o in t (re ad in g  fr o m  le ft to rig h t) and 
m o le c u la r w e ig h t (re ad in g  to p  to b o tto m ), (b )  T h e  sam e gel im ag e  in d ic a tin g  the presence o f  
id e n tifia b le  separated p ro te in s , w h ic h  w ere then p lo tte d  fo r  gel p o s itio n  u sin g  the ir m o le c u la r 
w e ig h t an d  isoelectric fo c u s sin g  c o n d itio n s. T h e  total p ro te in  co n c e n tra tio n  is 0 .2 3  /xg m L ' 1.
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S e p a r a te d  a c c o r d in g  to  is o e le c tr ic  p o in t  p H  4 -8

a
>

A

Separated
according
to
m o le c u la r
w e ig h t

b

F i g u r e  3 7 : (a )  T w o -D im e n s io n a l G e l Ele c tro p h o re s is  o f  o u te r m e m b ra n e  p ro te in  ( O M P )  
p ro file s o f  cells o f  Pseudomonas aeruginosa  P A O l  resistant to C M I T  c u ltu re d  in R 2 A  
m e d iu m . T h e  gel e x h ib its  O M P s  separated b y  the isoelectric p o in t (re ad in g  fr o m  le ft to rig h t) 
and m o le c u la r w e ig h t (reading to p  to b o tto m ), (b )  T h e  sam e gel im ag e  in d ic a tin g  the presence 
o f  id e n tifia b le  separated p ro te in s, w h ic h  w ere then p lo tte d  fo r  gel p o s itio n  u sing  the ir 
m o le c u la r w e ig h t and isoelectric fo c u s sin g  c o n d itio n s . T h e  total p ro te in  co nce ntratio n is 0 .1 2  
/xg m L ' 1.
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S e p a r a te d  a c c o rd in g  to  i s o e le c tr ic  p o in t  p H  4 -8
<e >

a

Separated
a ccording
to
m o le c u la r
w e ig h t

V

F i g u r e  3 8 : (a ) T w o -D im e n s io n a l G e l Ele c tro p h o re s is  o f  o u te r m e m b ra n e  p ro te in  ( O M P )  
p ro file s o f  cells o f  Pseudomonas aeruginosa  P A O l  resistant to  T h io m e rs a l c u ltu re d  in R 2 A  
m e d iu m . T h e  gel e x h ib its  O M P s  separated b y  the isoelectric p o in t (re ad in g  fr o m  le ft to rig h t) 
and m o le c u la r w e ig h t (re ad in g  top to b o tto m ), (b )  T h e  sam e gel im a g e  in d ic a tin g  the presence 
o f  id e n tifia b le  separated p ro te in s, w h ic h  w ere then p lo tte d  fo r  gel p o sitio n  u sing  their 
m o le c u la r w e ig h t and isoelectric fo c u s sin g  c o n d itio n s . T h e  total p ro te in  co nce ntratio n is 0 .0 8  
jU g m L " 1.
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Discussion

F ig u r e  3 4  illustrates se nsitive cells o f  P. aeruginosa  P A O l  separated b y  tw o - 

d im e n sio n a l gel electrophoresis a cco rd ing  to m o le c u la r w e ig h t and isoelectric p o in t. T h e  

in d iv id u a l n u m b e re d  proteins ( F ig u r e  3 4 b ) and th e ir c o rre s p o n d in g  e stim ated m o le c u la r 

w e ig h ts (a n a ly se d  b y  the P h o r e tix  s o ftw a re ; F ig u r e  3 4 c ) and isoelectric p o in ts are sh o w n  in 

T a b le  2 3 . It  has a lready been suggested b y  the o n e -d im e n s io n a l S D S - P A G E  analysis that 

the m o le c u la r w e ig h t o f  T - O M P  is b e tw e e n the range o f  3 1 .8  - 3 4 .1  k D a  an d  th e re fo re , the 

p ro te in  T - O M P  m a y  be a n y  o f  the proteins b etw een n u m b e rs 3 1 - 3 4  ( F ig u r e  3 4 b ). T h e  O M P  

p ro file s o f  the resistant cultures w e re  analyse d b y  a tria n g u la tio n  m e th o d  against proteins 

fr o m  the sensitive cells. K e y  p roteins that w ere v is ib le  in  the se nsitive and resistant cells 

w ere id e n tifie d  and c o m p a re d , such that the m o le c u la r w e ig h t and isoelectric p o ints o f  the 

resistant cells c o u ld  be estim ated against that o f  the sensitive cells. T h is  m e th o d  o f  analysis 

w as r e la tiv e ly  successful fo r  the cells resistant to M I T  ( F ig u r e  3 6 ) an d  th io m e rsal (F ig u r e  

3 8 ). I t  w as po ssible  to c o m p a re  the proteins in o rd e r to isolate the re g io n  w ith  the 

app ro p ria te  m o le c u la r w e ig h t. T h e  sensitive cell p roteins 33 and 3 4  appear to  be present in 

the cells resistant to M I T  w ith  the c o rre sp o n d in g  n u m b e rs o f  3 1 and 33 re spe ctive ly 

(F ig u re s  3 6 ). I t  is n o t clear as to w h e th e r p ro te in 30 o f  the cells resistant to M I T  is 

re presentative o f  one o r b o th  o f  the proteins 3 1 and 3 2 fr o m  the sensitive cells. T h e  cells 

resistant to th io m e rsal appear to  be h a ve  three p roteins m issin g  fr o m  the T - O M P  range in 

c o m p a ris o n  to  the sensitive cells (n u m be rs 3 1 , 32 a nd  3 3 ). T h e  tria n g u la tio n  m e th o d  o f  

analysis in  c o m p a riso n  to the se nsitive gel w as n o t successful fo r  cells resistant to B I T  and 

C M I T .  T h e r e fo r e , it w as n o t p ossible to co nclu de  w h e th e r T - O M P  h a d  d isappeared in the 

resistant cells in  these cases. T h e r e fo r e , it is n o t p ossible to d e fin ite ly  c o n c lu d e  w h e th e r o r 

n o t T - O M P  is present in  the resistant cells w h e n  u sin g  the tw o -d im e n s io n a l gel 

e lectropho resis te c h niqu e . H o w e v e r , the gels d o  illustrate diffe re nce s b e tw e e n  the sensitive 

and resistant cells. It  is p ossible to id e n tify  a greater n u m b e r o f  p roteins in  the sensitive 

cells than those resistant to M I T ,  C M I T  and th io m e rs a l. H e n c e , this m a y  be an in d ic a tio n 

that s ig n ific a n t changes are o c c u rrin g  in the p ro te in  p ro file s , apart fr o m  the p re v io u s ly  

n o te d  loss o f  T - O M P .
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Changes in the Outer Membrane Protein Profiles of Pseudom onas aeruginosa 

P A O l dependent upon specific Nutrient Limitation.

T h e  ou ter m e m b ra n e  proteins o f  P. aeruginosa  P A O l  w e re  analyse d  fo llo w in g  

p e rio d s o f  n u trie n t lim ita tio n . T h is  w as p e rfo rm e d  in  o rd e r to e lim in a te  the p o s s ib ility  that 

the alterations in the o u te r m e m b ra n e  w e re  a result o f  n u trie nt lim ita tio n  and n o t b io c id e  

e x p o s u re . In  c o n d itio n s o f  n u trie n t lim ita tio n  the cell becom e s e c o n o m ic a l w ith  its 

m e ta b o lic  processes, in  o rd e r to , redirect the e n e rg y  to w a rd s m o re  essential services. T h is  

m a y  result in  T - O M P  sh ifts. P. aeruginosa  w as cu ltu re d  in  c h e m ic a lly  d e fin e d  m e d iu m  

( D i n n i n g , 19 9 5 ) w h ic h  w as lim ite d  fo r  sources o f  c a rb o n , n itro g e n , potassiu m  and 

p h o s p h o ru s at separate tim e  in te rva ls . T h e  g ro w th  p e rio d  w as o b s e rve d  f o r  2 4  h o u rs, at the 

end  o f  this p e rio d  the cells w e re  c e n trifu g e d  and stored fo r  later analysis o f  the ir O M P  

p ro file s  u sin g  S D S - P A G E .

Preparation o f  overnight culture

P. aeruginosa  w a s in o c u la te d  in to  a d e io n ise d  fla s k  (C h a p te r 2 ) co n ta in in g  an 

a liq u o t (25  m L )  o f  n o n -lim ite d  c h e m ic a lly  d e fin e d  m e d iu m  (C h a p te r 2 ) . T h e  culture w as 

in c u b a te d  fo r  19  h ou rs at 3 7 ° C ,  2 0 0  osc m in ’ 1. T h is  culture w as used to ino cu late the 

n u trie n t lim ite d  fla sk s.

Preparation o f  nutrient limited media

T h e  n u trie n t lim ite d  m e d ia  w e re  pre pare d  in  d e io nise d  g lassw a re . T h e  glassw are 

w as so ake d  o v e rn ig h t in 5 %  D e c o n  90 ( B D H )  the n rinsed in  d e io n ise d  w a te r. T h e  

g lassw are w as so ake d  in  1 %  H C 1  fo r  at least one h o u r and then rinsed  six tim es in 

d e io n is e d  w a te r ( L e e  et al, 19 8 2 ).

Limitation o f  Potassium and Phosphorus

W h e n  p o ta s siu m  a nd  p ho sph o ru s w e re  lim ite d  an a lte rna tive  b u ffe rin g  system  w as 

p re p a re d  in o rd e r to  m a in ta in  the p H  o f  the m e d iu m  w h ils t r e m o v in g  K 2H P O 4 and
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K H 2P O 4. T h e  a lte rn a tive  b u ffe rin g  syste m  w as prepared b y  m i x in g  so lu tio n  A  (7 5  m L ;

tr iz m a  h y d ro c h lo rid e , 1 .8 1 5  g ; m aleic a c id , 1 .7 4  g ; d is s o lve d  in  7 5  m L  o f  d e io nise d  w a te r), 

s o lu tio n  B  ( 0 .2 N  N a O H ;  6 5 .5  m L )  and 1 5 7 .5  m L  o f  d e io n is e d  w a te r. T h e  N H 4C I  (0 .3  g )

n o r m a lly  present in  so lu tio n  A  o f  the c h e m ic a lly  d e fin e d  b u ffe r  w a s added to the alternative 

b u ffe rin g  sy ste m . V a r y in g  d ilu tio n s o f  p o ta s siu m  c h lo rid e  ( K C 1 )  in  conce ntrations ra n g in g  

fr o m  1 .2  x  1 0 4 to  3 .0  x  1 0 2 M  w ere add ed  d u rin g  the lim ita tio n  o f  the p o tas siu m . T h e  

n o rm a l co n c e n tra tio n  o f  p ho sph o ru s w as added via  p h o s p h o ric  acid  ( H 3P 0 4). In  o rd e r to 

lim it the p h o s p h o ru s a va ila b le  to the ce lls , v a r y in g  c once ntrations o f  H 3P 0 4 w e re  prepared 

in  the range o f  1 .9  x  1 0 5 to  3 .8  x  1 0 2 M .  T h e  n o rm a l c o nce ntra tio n o f  p o tassiu m  w as added 

to  the cells via K C 1 .

Limitation o f  carbon

T h e  lim ita tio n  o f  carbon w as a c h ie ve d  b y  lim itin g  the c o n c e n tra tio n  o f  g ly c e ro l. 

T e n  fla sks w e re  pre pare d  ra n g in g  fr o m  a g ly c e ro l c o n c e n tra tio n  o f  1 x  1 0 4 to  1 M .

Limitation o f  nitrogen

T h e  lim ita tio n  o f  n itro g e n  w as a c h ie ve d  b y  lim itin g  the c o nce ntra tio n o f  ferric 

a m m o n iu m  citrate to  the c h e m ic a lly  d e fin e d  m e d iu m . N in e  fla sk s w e re  prepared w ith  

conce ntrations ra n g in g  fr o m  1.9 0 8  x  1 0 5 to  3 .8 1 8  x  1 0 2.

Growth o f P .  aeruginosa under conditions o f  nutrient limitation

T h e  fla sks c o n ta in in g  the n u trie n t lim ite d  m e d iu m  w e re  in o c u la te d  fr o m  an 

o v e rn ig h t c u ltu re  o f  P. aeruginosa. T h e  cultures w e re  g ro w n  at 3 7 ° C ,  2 0 0  osc m i n 1 fo r  2 4  

h o u rs. O p tic a l d e n s ity readings w e re  take n at h o u rly  in te rva ls 0  to  8 hours and at 2 4  h o u rs. 

T h e  cu ltu re w a s the n c e n trifu g e d  at 5000 g fo r  15 m inu te s in  o rd e r to re m o v e  the cells. T h e  

cells w e re  w a s h e d  tw ic e  in tris b u ffe r ( 0 .5 M , p H  6 . 8) . T h e  cells w e re  stored fo r  later 

analysis.

F ig u r e s  39 to  4 2  illustrate the g ro w th  curves o f  Pseudom onas aeruginosa  u n de r 

v a r y in g  c o nce ntra tio ns o f  c a rb o n , n itro g e n , p ho sph o ru s and p o ta s s iu m  lim ita tio n . T h e  cells
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fr o m  the cu ltu re s w e re  analyse d  fo r  any alterations in  th e ir O M P  p ro file s  fo llo w in g  

c o n d itio n s o f  n u trie n t lim ita tio n .

Analysis o f  outer membrane protein profiles

T h e  o u te r m e m b rane s w e re  e xtra cte d  u sing  the m o d ifie d  te c h n iqu e  o f  P u g s le y  et al, 

19 8 6  (C h a p te r 5 ). T h e  p ro te in  p ro file s w e re  p repared u sin g  S D S - P A G E  u sin g  a 1 2 %  

separator g e l. T h e  gels w ere stained u sing  C o o m a s s ie  B r illia n t  B lu e  R 2 5 0  (C h a p te r 2 ) .

U p o n  analysis o f  the gels u sin g  the P h o re tix  so ftw a re  p ac ka ge  it w as o b se rve d  that 

the T - O M P  p ro te in  d id  n o t d isappear fo llo w in g  the n u trie n t lim ita tio n  studies (F ig u r e  4 3 ).
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Figure 39: The effect of varying concentrations of Carbon upon the rate of growth of
Pseudomonas aeruginosa PAOl when added to early logarithmic phase cultures in CDM.
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Figure 40: The effect of varying concentrations of Nitrogen upon the rate of growth of
Pseudomonas aeruginosa PAO1 when added to early logarithmic phase cultures in CDM
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Figure 41: The effect of varying concentrations of Potassium upon the rate of growth of
Pseudomonas aeruginosa PAO1 when added to early logarithmic phase cultures in CDM
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Figure 42: The effect of varying concentrations of Phosphorus upon the rate of growth of
Pseudomonas aeruginosa PAOl when added to early logarithmic phase cultures in CDM
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Figure 43 (a) Outer Membrane Protein Profile of sensitive cells of Pseudomonas 
aeruginosa PAOl cells cultured in varying conditions of carbon limitation, (b) The same 
gel image after Phoretix analysis. Black lines on the image indictae the presence of protein 
bands. White lines on the image indicates computed propagation of molecular weights 
across the gel. Scales icon indicates the marker lanes.
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Conclusions
Sub-inhibitory concentrations of the isothiazolone biocides and thiomersal appear to 

inhibit the presence of the protein T-OMP. Therefore, this implies that T-OMP may be a 

possible route for the entry of the biocides into the cell. However, once the presence of the 

biocides is removed T-OMP re-appears. Therefore, this suggests that this is a phenotypic 

adaptation brought about as a direct result of the presence of the biocide. The 2-D gel 

analysis illustrates that alterations in protein movement are occurring in the cells. However, 

it is not possible to conclude from the two-dimensional gels that alterations are definitely 

the cause of the loss of T-OMP. It is also evident that other proteins may be lost from the 

cells following the induction of resistance. Therefore, this suggests that some other 

mechanism of resistance may be occurring in the cells and hence, contributes to the 

resistance mechanism. Upon exposure of P. aeruginosa to conditions of nutrient limitation, 

there were no observable alterations in the OMP profiles. This suggests that the observed 

alterations in the OMPs are a result of direct biocide challenges and not nutrient limitation.
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Chapter Six

Investigations into the Morphological and cell surface ultrastructural 
Differences observed in resistant Isolates of P s e u d o m o n a s  a e r u g i n o s a  PAOl

The cultures of Pseudomonas aeruginosa PAOl resistant to the isothiazolone 

biocides and thiomersal were maintained on biocide gradient plates (Chapter 4). During 

this procedure two different morphological types were noted. They were designated as 

non-mucoid and mucoid forms of PAOl. The non-mucoid and mucoid forms were sub

cultured onto biocide-free media and then cultured back onto biocide gradient plates. The 

mucoid form reverted back to a non-mucoid phenotype when placed on biocide-free 

media. However, when placed back on the biocide gradient plates this strain displayed the 

mucoid phenotype. The non-mucoid form displayed the same phenotype on biocide-free 

media and biocide containing media. The two forms were identified using the API 20 NE 

system (Biomerieux, France) to establish that they were P. aeruginosa and not some 

contaminating species. The non-mucoid and mucoid forms were investigated to determine 

whether the two forms displayed any differences in the lipopolysaccharide structure in the 

outer membrane.

The penetration of antimicrobial agents into the Gram-negative bacterial cell is 

dependent upon the hydrophobic or hydrophilic properties of the antimicrobial and the 

nature of the outer membrane (Russell & Furr, 1986). The lipopolysaccharide (Figure 51; 

LPS) component constitutes the outer half (outer leaflet) of the bacterial outer membrane. 

Many Gram-negative bacteria produce an extracellular polysaccharide, which forms either 

a discrete capsule or a slime layer attached to the cell surface (Hammond et al, 1984). The 

exopolysaccharides (EPS) are immunogenic, corresponding to the K (Kapsel)-antigen and 

tend to dissolve when cultured in liquid medium (Hammond et al, 1984). The EPS are 

built from a range of monosaccharides with the addition of amino sugars and KDO in a 

limited number of E. coli strains (Hammond et al, 1984). The LPS is the major antigenic 

determinant in Gram-negative bacteria and is used in serological typing (Jann & Jann,
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1999). The LPS is composed of three parts, lipid A, the core oligosaccharide and the O- 

specific polysaccharide (Jann & Jann, 1999). Formation of the O-specific polysaccharide 

may be affected by mutations. Mutants which lack the O-specific polysaccharide have a 

rough appearance when grown on agar and growth occurs in brittle colonies. These 

mutants are called "R-mutants" (Jann & Jann, 1999). Whereas, the wild-type bacteria 

possess intact O-specific polysaccharide, and their appearance on agar is smooth and 

glossy. These strains are therefore called S-forms (smooth forms; Jann &  Jann, 1999). The 

LPS molecules are restricted to the outer leaflet of the outer membrane and tightly 

associated with the OMPs (Jann & Jann, 1999). The OMPs are often found to constitute a 

lower proportion in the R-mutants than in S-forms, the corresponding space being filled 

with phospholipids (Jann & Jann, 1999). Therefore, the R-mutants contain phospholipid 

bilayer areas in the outer membrane, and hence, demonstrate greater sensitivity towards 

certain hydrophobic agents (Jann & Jann, 1999). In a study which reviewed the sensitivity 

of wild-type, LPS-deficient and porin-deficient strains of E. coli towards parabens (a 

homologous series of esters of para-hydroxybenzoic acid), the LPS-deficient mutants were 

found to be deep-rough heptoseless strains (Russell et al, 1987). They demonstrated 

sensitivity towards methyl and ethyl esters and especially propyl and butyl esters. This 

alteration in cell sensitivity is thought to be related to LPS and OMP deficiency and 

especially towards surface exposure of the phospholipids and paraben hydrophobicity 

(Russell et al, 1987). Hydrophobic antimicrobial agents can cross the outer membrane via 

the phospholipid component, which is normally protected from the environment by intact 

LPS and OMPs. Therefore, removal of the LPS and OMPs may be expected to result in 

modifications in the cellular response to hydrophobic antimicrobials (Russell & Furr,

1986) . An increase in the roughness of the LPS (a decrease in the amount of R-core) 

enables hydrophobic antimicrobials to enter the Gram-negative bacteria (Russell & Furr,

1987) . The metal chelator and bacterial outer membrane permeabiliser, ethylenediamine 

tetraacetate (EDTA) increases the sensitivity of Gram-negative bacteria towards many 

antimicrobial agents (Sawer et al, 1997). It has been demonstrated that EDTA removes 

Mg2+ ions and a considerable amount of LPS from the membrane structure (Russell et al,
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1987). This enables the subsequent passage of antimicrobial agents across the outer 

membrane. For example, LPS-deficient strains of E. coli are considerably more sensitive to 

benzalkonium chloride and cetylpyridinium chloride than wild-type organisms (Russell & 

Furr, 1987).

The aims of the investigation were to determine whether the non-mucoid and 

mucoid cell morphology types identified from the gradient plates displayed any differences 

in lipopolysaccharide structure, or cell surface morphology.
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Figure 44: Generalised Structure of Bacterial Lipopolysaccharide. The structure of the 

lipid A region is highly conserved amongst a wide range of Gram-negative bacteria. 

Similarly little variation is found in the inner core (KDO-heptose) region. Considerable 

variation is present in the monosaccharide that constitute the outer core and O-side chain 

regions and consequently they have been left as empty blocks. (Taken from Hammond et 

al, 1984).
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Determination of Cell-surface Hydrophobicity

Non-mucoid and mucoid colonies were identified during routine passaging of the 

cultures in the presence of biocide, in order, to maintain the presence of resistance. It has 

been reported that alterations in colonial morphology are associated with changes in 

hydrophobicity of the cell surface (Sunairi, 1997). The cultures were maintained on 

gradient plates in which a biocide gradient of varying concentrations of agar extended 

along the length of the plate. The non-mucoid and mucoid colonies (Figure 45) were 

observed growing at approximately the same point along the gradient. The colonies were 

sub-cultured separately onto biocide-containing agar in order to obtain pure cultures. The 

pure cultures were identified using API 20NE tests (Biomerieux, France) to confirm they 

were P. aeruginosa and not contaminants. The non-mucoid and mucoid forms were tested 

for cell-surface hydrophobicity according to the method of Rosenberg et al, (1980). In 

order to determine if the alterations, in the cell surface phenotype, could possibly be 

related to the observed resistance towards the isothiazolone biocides and thiomersal.

The conversion from a non-mucoid to a mucoid phenotype can be related to the 

copious production of exopolysaccharide alginate (Rocchetta et al, 1999). This cell-surface 

alteration is commonly observed within the lungs of patients with cystic fibrosis and is 

correlated with poor lung function, due to the bacteria embedded with an alginate matrix 

behaving as a bacterial biofilm (Rocchetta et al, 1999). The emergence of mucoid strains is 

often accompanied by alterations in the lipopolysaccharide and is commonly observed in 

biofilm cells. Mucoid strains are observed to lack or to express smaller quantities of B- 

band O-polysaccharide, whilst maintaining the level of A-band O-polysaccharide 

(Rocchetta et al, 1999). Whereas, in non-mucoid cells devoid of alginate, the predominant 

surface O-polysaccharide is B-band (Rocchetta et al, 1999). The B-band O- 

polysaccharides are highly anionic and they extend through the layers of the A-band 

polymers and OMPs (Rocchetta et al, 1999). Cells which posses the B-band polymers 

demonstrate low surface hydrophobicity and surface charge and are observed to adhere to 

glass and polystyrene more effectively than those with an absence of the B-band polymers
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(Rocchetta et al, 1999). An absence in the production of the A-band polymer has been 

related to a deficiency in the core LPS. An increase in hydrophobicity in rough mutants of

E. coli is thought to be due to the exposure of the inner core of the LPS (Rosenberg et al,

1980). The loss of the oligosaccharide core components on the outer surface of E. coli 

rough mutants was observed to be accompanied by a significant increase in affinity 

towards the hydrocarbons hexadecane, octane and xylene (Rosenberg et al, 1980).

Preparation of Bacteria

An aliquot (24 mL) of nutrient broth was inoculated with mucoid or non-mucoid 

forms of P. aeruginosa PAOl which were deemed resistant to the three isothiazolone 

biocides and thiomersal. An aliquot (1 mL) of appropriate biocide stock (in order to obtain 

a quarter strength of the MIC determined for passage 11 during the inducement of 

resistance in the nutrient broth) was added to the nutrient broth. The cultures were 

incubated at 37°C, 200 osc min"1 for 19 hours. The bacteria were harvested, centrifuged at 

3000 g (EEC, Centra-4B) for ten minutes and the pellet was washed twice in PUM buffer 

(K^HPO^E^O, 22.2 g; KH^PO  ̂ 7.26 g; urea, 1.8 g; MgSC^JE^O, 0.2 g dissolved in 900 

mL of deionised water, the pH was adjusted to pH 7.1, and the volume was made up to 1 

L). The cells were resuspended in 5 mL PUM buffer.

Assay Procedure

An aliquot (1.2 mL) of washed cells suspended in PUM buffer was placed in round 

bottom test-tubes (10 mm diameter). Various volumes of the test hydrocarbon, p-xylene, 

was added to the suspensions in the range of 0 to 0.2 mL. The tubes were incubated for 10 

minutes at 30°C, and the mixtures were agitated uniformly for 120 seconds. The solutions 

were allowed to settle for 15 minutes in order to allow the hydrocarbon phase to 

completely separate from the aqueous phase. The aqueous phase was carefully removed 

using a Pasteur pipette and transferred to a 1 mL cuvette. The optical density was 

determined at 400nm using a spectrophotometer (Novaspec II, LKB).
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Following separation of the two layers, the upper layer is composed of an oil in 

water emulsion, with xylene droplets covered with patches of bacteria, whilst the lower 

layer contains the remaining bacteria suspended in PUM buffer. A  decrease in the optical 

density of the lower aqueous phase between that of the non-mucoid and that of the mucoid 

cells was used to measure the relative cell-surface hydrophobicity of the isolates. If the 

optical density decreased between the aqueous layer of the non-mucoid cells and that of 

the mucoid cells resistant to a particular biocide, then a greater proportion of the cells 

adhered to the xylene droplets and hence, the cell-surface of the bacteria was more 

hydrophobic. However, if the optical density increased between the lower aqueous layer of 

the non-mucoid cells and that of the mucoid cells resistant to a particular biocide, then a 

greater proportion of the cells have remained in the aqueous layer and hence, the cell- 

surface of the bacteria was more hydrophilic. Due to the discontinuous nature of the test 

samples used in this experiment, the data is presented as absolute absorbance values rather 

than absorbance changes, as is normal with this procedure.
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Figure 45: A  G r a d ie n t  P la te  I l lu s t r a t in g  th e  M u c o id  a n d  N o n - M u c o id  f o rm s  o f  Pseudomonas

aeruginosa? A O  1 R e s i s t a n t  to  B I T  (1 4 7 .5  jag m L '1).
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Figure 46: The absorbancy of the non-mucoid cells of Pseudomonas aeruginosa PAOl 
cultured in R2A medium in the presence of sub-inhibitory levels of the three isothiazolone 
biocides and thiomersal in relation to the volume of xylene. The error bars are calculated 
as the standard error of the data set.
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Figure 47: The absorbancy of the mucoid cells of Pseudomonas aeruginosa PAOl 
cultured in R2A medium in the presence of sub-inhibitory levels of the three isothiazolone 
biocides and thiomersal in relation to the volume of xylene. The error bars are calculated 
as the standard error of the data set.
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Figure 48: The absorbancy of the non-mucoid cells of Pseudomonas aeruginosa PAOl 
cultured in CDM medium in the presence of sub-inhibitory levels of the three 
isothiazolone biocides and thiomersal in relation to the volume of xylene. The error bars 
are calculated as the standard error of the data set.
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Figure 49: The absorbancy of the mucoid cells of Pseudomonas aeruginosa PAOl 
cultured in CDM medium in the presence of sub-inhibitory levels of the three 
isothiazolone biocides and thiomersal in relation to the volume of xylene. The error bars 
are calculated as the standard error of the data set.

182



The following discussion relates to the results given in figures 39 to 41.

BIT resistant Pseudomonas aeruginosa.

The absorbancy increased between the non-mucoid and mucoid cells resistant to 

BIT grown in R2A. The cells mixed with 0.1 mL of xylene increased from an absorbancy 

(400 nm) of 0.017 to 1.778, whereas the absorbancy increased from 0.020 to 1.478 when 

the cells were mixed with 0.2 mL of xylene. This indicated less relative affinity towards 

the test hydrocarbon xylene by the mucoid cells, particularly at the lower xylene level. The 

cell surface of the mucoid cells is, therefore, relatively more hydrophilic than the non

mucoid cells. There was no observable difference in the absorbancy between the non

mucoid and mucoid cells resistant to BIT when grown in CDM. It is, therefore, not 

possible to conclude if any significant alteration has occurred in the cell surface 

hydrophobicity. This may be due to the conditions of nutrient limitation of the cells 

cultured in CDM.

MIT resistant Pseudomonas aeruginosa.

The absorbancy decreased between the non-mucoid and mucoid cells resistant to 

MIT grown in R2A. The absorbancy decreased from 0.418 to 0.013 when the cells were 

mixed with 0.1 mL of xylene and 0.413 to 0.009 when mixed with 0.2 mL of xylene. 

There was, therefore, no significant difference between the readings for the two levels of 

xylene. This relative decrease in absorbancy between the non-mucoid and mucoid cells 

indicated less affinity towards the test hydrocarbon xylene and, therefore, an increase in 

the cell surface hydrophobicity in mucoid cells. This indicated a possible loss or reduction 

of B-band O-polysaccharide in the LPS core on the outer membrane of mucoid cells. There 

was no observable difference in the absorbancy between the non-mucoid and mucoid cells 

grown in CDM.
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CMIT resistant Pseudomonas aeruginosa.

The absorbancy of the cells resistant to CMIT grown in R2A when mixed with 0.1 

mL of xylene decreased from 1.940 to 0.516, whereas the cells mixed with 0.2 mL of 

xylene decreased from 1.320 to 0.232. This relative decrease in absorbancy between non

mucoid and mucoid cells indicated an increase in cell surface hydrophobicity, and a 

possible loss or reduction in the B-band O-polysaccharide in the LPS core in mucoid cells. 

A greater affinity towards the test hydrocarbon at the lower volume may possibly be due to 

CMIT being the most reactive of the isothiazolone biocides. The absorbancy of the cells 

resistant to CMIT grown in CDM decreased from 0.536 to 0.386 between non-mucoid and 

mucoid cells when mixed with 0.1 mL of xylene, indicating a slight increase in cell surface 

hydrophobicity in mucoid cells. However, when the cells were mixed with 0.2 mL of 

xylene the absorbancy increased from 0.324 to 0.534 between the non-mucoid and mucoid 

cells. This indicated an increase in cell surface hydrophilicity in mucoid cells under these 

conditions.

Thiomersal resistant Pseudomonas aeruginosa.

The absorbancy of the cells did not significantly alter between the non-mucoid and 

mucoid cells resistant to thiomersal grown in R2A when mixed with 0.1 mL of xylene. 

However, the absorbancy increased from 0.129 to 0.786 between the non-mucoid and 

mucoid cells when mixed with 0.2 mL of xylene. This indicated a relative increase in cell 

surface hydrophilicity by the mucoid cells.

Summary

The observed increase in cell hydrophobicity between the non-mucoid and mucoid 

cells for MIT, CMIT and thiomersal in R2A indicates a loss or reduction in the B-band O- 

polysaccharide present. The amount of the A-band O-polysaccharide remains the same. 

The non-mucoid cells are devoid of alginate and have the predominant B-band O- 

polysaccharide. The B-band polysaccharides are highly anionic and extend through the 

layers of the A-band polysaccharides and OMPs. The non-mucoid cells demonstrate low
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surface hydrophobicity and posses surface charges that adhere to glass and polystyrene 

more effectively than those with a B-band absence. The mucoid cells have cell-surface 

alterations commonly observed with patients with cystic fibrosis, which are connected 

with the formation of biofilms and alginate matrix. Therefore, the mucoid resistant forms 

may indicate cell-surface alterations that would aid the formation of a biofilm.

Determination of Lipopolysaccharide Profiles

Alteration in the lipopolysaccharide (LPS) layer of the outer membrane can be 

related to observed increases in resistance to antimicrobial agents. Hydrophobic antibiotics 

appear unable to readily enter Gram-negative cells until the cells demonstrate a degree of 

roughness (Russell & Furr, 1987). The R-mutants are often found to contain a lower 

proportion of proteins in the outer membrane than S-forms. The protein is replaced by a 

larger quantity of phospholipids (Jann & Jann, 1999). These mutants demonstrate greater 

sensitivity towards hydrophobic antimicrobial agents. It is thought that the observed loss 

of the outer membrane protein T-OMP in cells of P. aeruginosa resistant to the 

isothiazolone biocides, occurs because T-OMP is the route of entry for these biocides into 

the cell (Brozel & Cloete, 1994). The isolation of lipopolysaccharide was performed 

according to the method of Preston and Penner (1987), in order to establish whether any 

alterations occurred in the lipopolysaccharide structure between the mucoid and non

mucoid cells. This may be related to the observed resistance towards the isothiazolone 

biocides and thiomersal.

Extraction of Lipopolysaccharide

An aliquot (24 mL) of appropriate medium (R2A or CDM) was inoculated with P. 

aeruginosa PAOl deemed resistant to the appropriate biocide (Passage 11). An aliquot (1 

mL) of appropriate biocide stock (quarter the highest established MIC) was added to the 

culture. The flasks were incubated at 37°C, 200 osc min' 1 for 19 hours. An aliquot (10 mL) 

of the culture was centrifuged for 10 minutes at 4000 g (EEC Centra-4B). The pellet was
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resuspended in 1.0 mL of Tris buffer (0.5 M, pH 6 .8) and centrifuged for 1.5 minutes at 

11,500 g (Microcentaur, MSE). The pellet was solubilised in 0.2 mL of lysis buffer 

(Glycerol, 20%; 8-mercaptoethanol, 5%; SDS, 4.6%; Tris, 2%; 0.1%; pH 6 .8) and heated 

at 100°C for 10 minutes. The samples were cooled to room temperature and 0.04 mL of 

lysis buffer was added containing 2.5 mg mL"1 proteinase K. The samples were incubated 

at 60 °C for one hour. The samples were centrifuged at 5000 g for 1.5 minutes 

(Microcentaur, MSE), retaining the supernatant. An aliquot of bromophenol blue stock 

(0.1%)(15 pL) was added to each sample.

Determination of Lipopolysaccharide Profile

The LPS profiles were prepared using a 12% separator and 5% stacker gel as 

previously described (Chapter 2) without the addition of SDS. An aliquot (40 /xL) of the 

samples were added to the wells and the gels were run at 35 mA for approximately 1.5 

hours or until the leading samples had reached the end of the gel. The gels were fixed and 

stained according to the method of Preston & Penner, (1987) (Chapter 2).

Observation of the Lipopolysaccharide Profile

There were no significant differences (Figure 50) in the banding patterns between 

the mucoid and non-mucoid isolates for all four biocides when grown in R2A or CDM 

medium (Figure 50). This indicates the composition of the O-specific polysaccharide did 

not alter between the mucoid and non-mucoid forms of the resistant cells. It is, therefore, 

unlikely that the outer membrane contains larger patches of phospholipids which are more 

sensitive to the penetration of hydrophobic antimicrobials.
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Figure 50: The Lipopolysaccharide Banding Pattern of Non-Mucoid and Mucoid Cells of 
Pseudomonas aeruginosa PAOl resistant to MIT and CMIT. Lane 1: non-mucoid cells 
resistant to MIT; Lane 2: mucoid cells resistant to MIT; Lane 3: non-mucoid cells resistant to 
CMIT; Lane 4: mucoid cells resistant to CMIT.
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The Leakage of Intracellular Potassium Ions

A membrane active agent can induce damage to the membrane by acting upon 

either the membrane potentials, bound enzymes or permeability (AL-Adham et al, 1998) 

An example of such is an ionophore. An ionophore is a compound which promotes the 

specific movement of ions across membranes (Kroll & Patchett, 1991). This is suggested 

as the mode of action for many antimicrobial agents. For example, chlorohexidine causes 

leakage of intracellular ions from E. coli and Staphylococcus aureus (AL-Adham et al,

1998). Initially, this intracellular leakage increases with increasing concentrations of the 

antimicrobial. However, at high concentrations of antimicrobials, coagulation is observed 

between the protoplasmic contents and / or cytoplasmic membrane (AL-Adham et al, 

1998), thereby resulting in a decrease in leakage. This results in subsequent changes in 

membrane permeability. The observed increase in antimicrobial resistance to the 

isothiazolone biocides and thiomersal may be related to the permeability of the outer 

membrane and OMPs. It is therefore, necessary to eliminate any cytoplasmic membrane 

permeability alterations as a direct result of the biocides activity on the bacterial 

membrane. Such changes can be monitored by observing the concentration of potassium 

ions in the bathing solution of the bacterium exposed to a particular antimicrobial agent.

In order to establish whether the biocides had a direct effect on the membrane, the 

cell was observed to determine any leakage from the cell interior. The leakage of 

potassium ions was monitored using a potassium sensing electrode in order to determine if 

the action of the isothiazolone biocides and thiomersal caused direct damage to the 

membrane of P. aeruginosa, indicated by an efflux of potassium ions. A  control agent, 

cetrimide was used in the experiment due to its known cell leakage activity.

The calibration of the potassium electrode

The sensing electrode (Qualiprobe QSE 314, EDT Instruments, Dover) was placed 

in a solution of 10’1 M KC1. This was performed two hours prior to monitoring the 

potassium ion content of the bacterial cell bathing solutions. The reference electrode
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(Qualiprobe double junction reference electrode E8092, EDT Instruments, Dover) was 

topped up with electrolyte (0.1 M NaN03) and the tip was replaced until the probes were 

required. The reference and sensing electrodes were taped together in order to ensure both 

electrodes would be at the same level in the test solutions.

Solutions of potassium chloride were volumetrically prepared in the range of 10’1 

to 10' 6 M using deionised glassware. An aliquot (50 mL) of the standard solutions was 

added to 5 mL of ionic strength adjustment buffer (ISAB; tetraethylammonium chloride; 

18.37 g in 100 mL"1). The adjustment buffer ensured the background ionic strength of all 

the test solutions was kept constant by blocking the potassium channels. The electrodes 

were placed in the solutions and were constantly stirred during the observation period by a 

magnetic stirrer (Rotamixer, Hook & Tucker). The potential derived by the electrodes was 

measured for a period of five minutes using a Whatman PHA 220 pH / mV meter 

(Whatman, Maidstone, Kent) set on mV and chart recorder (Belmont Instruments, 

Glasgow). A calibration graph was constructed of potassium ion concentration against mV 

(Figure 58).

Observation of Leakage of Potassium Ions from Challenged and non-Challenged cultures

ofP. aeruginosa

Cultures of sensitive cells of P. aeruginosa grown in R2A or CDM medium were 

tested against the three isothiazolone biocides, thiomersal and cetrimide (positive control). 

Cells resistant to the isothiazolone biocides and thiomersal were tested against all five 

biocides. An aliquot (49 mL) of appropriate media (R2A or CDM) was inoculated with P. 

aeruginosa and incubated at 37°C, 200 osc min"1 for 19 hours. The culture was centrifuged 

for 20 minutes at 3000 g (EEC, Centra-4B), and washed twice in Tris-HCl buffer (pH 7.0, 

0.2 M). The cells were resuspended in an aliquot (49 mL) of Tris-HCl buffer (pH 7.0, 0.2 

M) in a deionised beaker (100 mL) and 5 mL of ISAB was added. The cell suspension was 

stirred at a constant speed on a magnetic stirrer and the pre-calibrated reference and 

sensing electrodes connected to the pH / mV meter were placed in the suspension. The
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background potassium ion content of the suspension was monitored for five minutes. An 

aliquot (1 mL) of appropriate biocide stock was added to the suspension in order to give a 

final biocide concentration equivalent to the highest determined MIC obtained during the 

inducement of resistance. The fluctuation in potassium ion content was monitored over a 

period of 20 minutes by a chart recorder (Belmont Instruments, Glasgow).

Figures 58 and 59 illustrate the calibration of potassium concentration and voltage and the 

observation of potassium leakage from P. aeruginosa upon exposure to cetrimide and BIT.
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Figure 51: A logarithmic standard curve illustrating the relationship between potassium 

ion concentration and voltage. The error bars are calculated as the standard deviation of the 

individual data points.
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Figure 52: Potassium ion leakage from wild-type cells of Pseudomonas aeruginosa PAOl 

upon exposure to cetrimide (140 [ig mL'1) and BIT (56 /xg mL'1) after 5 minutes. The error 

bars are calculated as the standard error of the data set.
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Discussion
Cetrimide was used as a positive control because it is characterised as having a 

membrane active mode of action. The potassium ion concentration remained stable at 

0.1005M in the bathing solution between 4 and 14 minutes (Figure 52). At five minutes 

the cetrimide was added. At fourteen minutes, after the addition of the biocide there was an 

increase of potassium ion concentration in the bathing solution to 0.107M indicating 

disruption of the outer membrane and cell leakage. The cells exposed to BIT did not 

demonstrate a membrane active mode of action. The study conducted by AL-Adham et al,

(1998) observed a low rate of potassium ion leakage in comparison to the leakage observed 

following exposure to cetrimide, which only became apparent over the 15 minute period of 

the experiment. The potassium ion concentration was monitored for five minutes prior to 

the addition of the biocide. The potassium ion concentration stabilised at the two minute 

interval point to 0.05M. The potassium ion concentration was monitored for a further nine 

minutes after the addition of biocide, no observable alteration in the potassium ion 

concentration was observed. Therefore, these results indicate that the isothiazolone biocide 

BIT does not induce cell leakage or membrane disruption.

The Effect of Permeabilisers on the Antimicrobial Sensitivity
of P .  a e r u g i n o s a

Pseudomonas aeruginosa demonstrates intrinsic resistance to many antimicrobial 

agents. This is due to the impermeability of the outer membrane to hydrophobic 

antimicrobials and high molecular weight hydrophilic drugs (Ayres et al, 1999). A variety 

of polycationic substances can increase the susceptibility of P. aeruginosa to biocides by 

acting as outer membrane permeabilisers (Mann et al, 2000). Permeabilisers sensitise the 

bacteria towards antimicrobial agents without being directly toxic to the bacteria (Helander 

& Mattila-Sandholm, 2000). The permeabilisers disrupt the integrity of the outer 

membrane by weakening the stabilising interactions of the outer membrane components. 

This occurs by either releasing the outer membrane components or intercalating within the
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outer membrane (Helander & Mattila-Sandholm, 2000). Permeabilisers may play an 

essential role, in combination with antimicrobial agents, to prevent the growth of Gram

negative microorganisms (Helander & Mattila-Sandholm, 2000). Impermeability is a 

major mechanism of intrinsic resistance. The characteristic of impermeability is enhanced 

when bacteria develop resistance to antimicrobial agents. This is because the development 

of resistance is associated with the loss of permeability to a particular antimicrobial agent. 

Recent studies have investigated the exploitation of permeabilising agents in order to 

overcome resistance. This approach may be particularly useful in biofilms where greater 

resistance is observed than with planktonic cells (Ayres et al, 1998).

Permeabiliser Agents

Three permeabiliser agents were used in the study: EDTA (0.001 M and 0.002 M), 

sodium polyphosphate (SPP; 0.25%, 0.5%, 1% and 1.25% w/v) and trisodium citrate 

dihydrate (TCD; 0.25%, 0.5% and 1.0% w/v).

Preparation of Cultures

An aliquot (24 mL) of appropriate media (R2A or CDM) was inoculated with P. 

aeruginosa cells deemed resistant to the appropriate biocides (Passage 11 of the resistance 

study). An aliquot (1 mL) of biocide stock was added to the flasks to establish a quarter 

strength of the previously established MIC. The flasks were incubated at 37°C, 200 osc 

min' 1 for 19 hours.

Preparation of Tube Dilutions

An aliquot (4.5 mL) of appropriate double strength medium (R2A or CDM) was 

added to 4.5 mL of the various concentrations of the three permeabilisers in test-tubes. The 

tubes were autoclaved at 121 °C for 15 minutes. Various concentrations of the appropriate 

biocides were aseptically added to the tubes in duplicate. They were added in the range of 

the highest previously established MIC for the resistant cultures. The biocide ranges were 

for R2A BIT, 86 to 100 pg mL'1; MIT, 34 to 48 pg mL'1; CMIT, 1.8 to 2.5 pg mL'1 and

194



thiomersal, 16.8 to 18.2 pg mL'1 and for CDM; BIT, 7.8 to 9.2 pg mL'1; MIT, 8.2 to 9.6 jag 

m L 1 and CMIT, 0.1 to 0.6 pg m L1. The tubes were inoculated with 100 pL of the 

overnight culture. The tubes were incubated at 37°C for 48 hours and were observed for 

the presence of growth at 19 and 48 hours.

Table 24: MICs observed for the resistant cultures following exposure to the isothiazolone 

biocides and thiomersal during the presence of permeabilisers in R2A medium.

Permeabiliser Biocide (pg mL'1)

BIT MIT CMIT Thiomersal

Control >100 >48 2.5 18.2

EDTA (0.001M) <86 <34 <1.8 <16.8

EDTA (0.002M) <86 <34 <1.8 <16.8

TCD (0.25%) 88 44 2.3 <16.8

TCD (0.5%) 88 44 2.3 <16.8

TCD (1%) 88 36 2.3 <16.8

SPP (0.25%) <86 44 2.5 <16.8

SPP (0.5%) <86 44 2.5 <16.8

SPP (1%) <86 36 1.9 <16.8

SPP (1.5%) <86 36 1.9 <16.8
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The presence of the permeabilisers sodium polyphosphate (SPP) and trisodium 

citrate dihydrate (TCD) resulted in a decrease in the MICs for all four biocides grown in 

R2A medium. The increasing concentrations of TCD did not significantly enhance the 

decrease in MIC. However, when the concentration of the permeabiliser sodium 

polyphosphate was increased, the reduction in the MIC was more pronounced when 

observing the biocides MIT and CMIT. The MIC for MIT, when using 0.25% sodium 

polyphosphate was 46 jag mL'1. However, in the presence of 1.5% sodium polyphosphate 

the MIC decreased to 36 jag mL'1. The permeabilisers render the outer membrane more 

susceptible to antimicrobial agents because they disrupt the integrity of the outer 

membrane. In the presence of the permeabilisers the MICs of the resistant cells was 

reduced towards the three isothiazolone biocides and thiomersal. Therefore, this indicated 

the observed resistance towards the three isothiazolone biocides and thiomersal was 

possibly related to the outer membrane and the loss of the outer membrane T-OMP.
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Table 25: MICs observed for the resistant cultures following exposure to the isothiazolone 

biocides and thiomersal during the presence of permeabilisers in CDM medium.

Permeabiliser Biocide (pg mL"1)

BIT MIT CMIT Thiomersal

Control 9.2 9.4 0.5 nd

EDTA (0.001M) <7.8 <8.2 <0.1 nd

EDTA (0.002M) <7.8 <8.2 <0.1 nd

TCD (0.25%) 9.2 9.4 0.5 nd

TCD (0.5%) 9.2 9.4 0.5 nd

TCD (1%) 9.0 9.4 0.5 nd

SPP (0.25%) 8.0 8.4 0.5 nd

SPP (0.5%) 8.0 <8.2 0.5 nd

SPP (1%) <7.8 <8.2 0.4 nd

SPP (1.5%) <7.8 <8.2 0.4 nd

nd = not done
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The MICs decreased for all three isothiazolone biocides grown in CDM medium, in 

the presence of the permeabiliser sodium polyphosphate. With increasing concentrations of 

the permeabiliser sodium polyphosphate, a decrease in the MIC was observed. The 

permeabiliser trisodium citrate does not appear to have any effect on the MICs for the 

biocides MIT and CMIT. However, at 1% w/v the MIC for BIT decreased for 9.2 to 9.0 fig 

m L 1. There was no observable growth in the presence of EDTA, this was due to the 

antimicrobial properties demonstrated by EDTA towards P. aeruginosa. The results 

indicated that in the presence of an agent that disrupted the outer membrane the resistant 

cells became sensitive to their corresponding biocides. Therefore, the observed resistance 

was a result of some alteration in the outer membrane which prevented the biocides 

gaining entry into the cell interior.

Summary.

The observed increase in the relative cell surface hydrophobicity between the 

mucoid and non-mucoid cells indicates a loss or reduction in the B-band O-polysaccharide 

present. The mucoid cells have cell-surface alterations commonly observed with cystic 

fibrosis patients, which are connected to the formation of biofilms and alginate matrix. 

This infers that the mucoid resistant forms may indicate cell-surface alterations that would 

aid biofilm formation. There were no observable differences between the 

lipopolysaccharide (LPS) banding patterns of the mucoid and non-mucoid cells. Thus, the 

observed resistance towards the biocides is not a result of increased phospholipid patches 

in the LPS thereby facilitating increased entry of the biocide into the cell. The 

isothiazolone biocides were not discovered to be membrane active. Therefore, the observed 

alterations in the outer membrane are not a direct result of the action of the biocides but 

connected to the resistance mechanism. The permeabilisers render the cells susceptible to 

the biocides hence indicating the resistance is connected to the outer membrane.
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Chapter Seven

The Isolation of Bacteria from Contaminated Industrial Products Using an 
Isothiazolone Biocide Preservative System

Antibiotic resistance has been studied for many years. However, the genetic and 

biochemical basis of resistance towards antimicrobial agents (for example, disinfectants, 

antiseptics and preservatives) is less well understood (Russell, 1995; Chopra, 1991). 

Resistance towards non-antibiotic antimicrobials is an increasing problem and, therefore, 

research into this area is increasing, leading to an understanding of the mechanisms 

involved. Resistance is defined as the ability of bacteria to evade the action of an 

antimicrobial agent. Sensitivity, in comparison, is defined as the ability of an antimicrobial 

agent to inhibit the growth or kill the bacteria. Tolerance is defined as an ability to grow in 

the presence of the antimicrobial agent by an adaptive mechanism. It is, therefore, difficult 

to determine whether a bacterium is demonstrating tolerance or resistance to an 

antimicrobial agent.

Biocides have a tremendous industrial importance in preventing spoilage of paints, 

cosmetics and pharmaceutical products by microorganisms. The observed increase in 

resistance towards biocidal agents is a potential industrial problem. The isothiazolone 

biocides are widely used in the preservation of paints, pharmaceutical and cosmetic 

products (Collier et al, 1990c; Shepherd et al, 1985). The microbial contamination of 

petroleum products is a considerable problem in refineries and distribution systems. 

However, a mixture of MIT and CMIT is found to be effective against Pseudomonas spp. 

contaminating these products (Bento & Gaylarde, 1996). Acquired resistance towards 

biocides is thought to result from genetic changes. These occur either by mutation or the 

acquisition of genetic material from other bacteria (Russell, 1995). Non-plasmid-encoded 

acquired resistance towards biocides may result when the bacteria are gradually exposed to 

sub-inhibitory concentrations of biocide (Russell, 1995). This type of resistance is often

199



unstable and hence, may be lost when the bacteria are removed from the presence of 

biocide (Russell, 1995).

Cosmetics and paints do not need to be sterile. However, they must be adequately 

preserved. Cosmetic products constantly come into contact with possible sources of 

contamination, for example; saliva, dirty hands and tap water. They are also generally kept 

in warm and humid environments (Magee et al, 1997) which will encourage the growth of 

microorganisms. Microbial contamination of cosmetic products may result in infection, 

discoloration, gas production, odour formation and general unfitness for purpose (Magee et 

al, 1997). Although spoilage of the cosmetics is a significant problem, the greatest 

consideration is the threat to human health (Magee et al, 1997). There have been reported 

cases where mascara has been contaminated by Pseudomonas aeruginosa (Magee et al,

1997), which has the potential to result in serious eye infections. It is therefore, essential 

that biocidal products are used as inhibitors or preservatives in the cosmetic industry. 

However, the task of preservation becomes increasingly difficult with the onset of bacterial 

resistance to these products.

In the paint industry the potential for risk to human health may not seem initially 

important. However, if potentially pathogenic bacteria begin to grow within the product, 

this may pose a potential health risk. The consumer may have broken skin during use of 

the product, which may result in bacteria gaining entry into the body, or may become 

infected through inhalation. Spoilage of the paint products by microorganisms may result 

in the breakdown of emulsions and possible coagulation of the product. This therefore, has 

significant economic implications and if the contamination occurs during the 

manufacturing of the product, may result in a large scale problem.

The purpose of this investigation was to identify the nature of microbial 

contamination in two samples from an industrial source in the paint and coatings industry 

and to assess any evidence of bacterial resistance towards the isothiazolone biocides. The 

techniques used have been outlined in the previous chapters. Initially the contaminants 

were isolated from the samples and identified. The MICs of the isolated bacteria were 

determined against the isothiazolone biocides and the thiol-interactive agent thiomersal.
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The outer membrane proteins were extracted and the profiles were determined, in order to 

observe any alterations in the cell envelope outer membrane proteins and to establish if T- 

OMP was present in the outer membrane.

Sample Information

The first sample was taken from a contaminated external coatings product. The 

product in question is used to protect wood against potential damage from the elements. It 

is preserved with a 0.5% w/v commercial isothiazolone preservative. The isothiazolone 

preservative is composed of CMIT (0.5%) and MIT (0.2%), in addition to 2- 

(2butoxy ethoxy (ethoxy )-methanol and (ethylenedioxy) dimethanol. The second sample 

was taken from a contaminated paint product. The product is used to protect brick work 

and concrete against damage from the elements. It is preserved with the same preservative 

system as sample one.

The contaminated products samples were placed in clean, sealed containers, and 

transported to the laboratory at room temperature. They were stored in the laboratory at 

4°C until analysis.

Isolation of microorganism from the test samples

The isolation of bacteria from the samples, in order to identify all the bacteria 

present, was achieved by two methods. Initially an enrichment technique was used. An 

aliquot (1 mL) of the sample was added to separate flasks containing 100 mL of nutrient 

broth or R2A medium. The flasks were incubated for 18 hours at 30°C, 200 osc min'1 in an 

orbital incubator (Gallenkamp INA-305). An aliquot (1 mL) of the culture was serially 

diluted in the range of 10 1 to 10 10 in 0.9% w/v sterile saline. The dilutions were plated out 

in triplicate on appropriate media and incubated for 24 hours at 30°C. The plates were 

counted, viable counts estimated and colonies sub-cultured for further analysis.

The second technique performed was the filtration technique. An aliquot (0.1 mL) 

of the sample was made up to a total volume of 20 mL with sterile water. This solution 

was filtered under pressure using a vacuum pump (Whatman, Maidstone) through a 0.2 pm
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nitrocellulose membrane (Whatman, Maidstone). The filter membrane was placed on to 

the surface of sterile agar plates of nutrient agar (Oxoid CM 3) or R2A agar. The plates 

were incubated for 24 hours at temperatures of 25°C, 30°C and 37°C. The colonies were 

counted, viable counts calculated and colonies subcultured for further analysis.

Identification of Isolated bacteria

The bacteria isolated from the test samples were identified by preliminary 

identification techniques, which included the Gram reaction, cell morphology, motility 

test, catalase test and oxidase reaction (Chapter 2). This then enabled the appropriate API 

test (Biomerieux, France; API 20 NE, API 20 E or API 50 CH) to be used in order to 

identify the genus and species of the bacterium.

Determination of the Minimum Inhibitory Concentrations of the Identified Bacteria

Selected bacteria identified (Table 21) were inoculated into aliquots (25 mL) of 

appropriate media (Nutrient broth or R2A). The cultures were incubated for 19 hours at the 

appropriate temperatures (according to their isolation temperature), 200 osc min'1 

(Gallenkamp, INA). The MIC was determined according to Bloomfield (1991), (described 

in Chapter 3) against the three isothiazolone biocides BIT, MIT and CMIT and the thiol- 

interactive agent thiomersal. Control cultures of the Gram negative bacteria were also 

tested for their MIC's against the four biocides. An aliquot (10 mL) of the cultures was 

centrifuged for 15 minutes at 5000 g (Microcentaur, MSE). The pellet was washed three 

times in Tris buffer (0.5 M, pH 6 .8) and stored at -18°C for further analysis.

Preparation of Outer Membrane Proteins Profiles

Outer membrane proteins were prepared according to Pugsley (1986; Chapter 5) 

from the stored pellets. The outer membrane proteins were separated by SDS-PAGE 

(Laemmi, 1970; Chapter 5) using a 12% separator gel. The protein concentrations were 

estimated using the BCA assay (Smith et al, 1985; Chapter 2).
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The estimation of viable counts from the enrichment and filtration techniques are 

shown in Tables 18 and 19. Results from the enrichment technique illustrated a microbial 

load of approximately the same size in both the paint product and coatings product when 

grown on R2A or nutrient agar medium. However, when considering the filtration 

technique, which gave a more representative estimation of the microbial load in the 

samples, the contaminated paint product had a higher microbial load. The microbial 

population in the paint product was too numerous to count in many instances. The greatest 

counts were observed at 37°C, the temperature of the human body. This is an important 

indication when considering the possible risk to human health and possible sources of 

contamination. The bacteria may be pathogenic or be opportunistically pathogenic. This 

optimum growth temperature may also indicate that the source of contamination is from a 

human source and, hence, may be occurring during the manufacturing of the product.

Table 26: Viable Counts Obtained from the External Coatings and Paint Product using the 

Enrichment Isolation Technique.

Product Medium (CFU mL'1)

R2A Nutrient Agar

External Coating 1.24 x 108 2.3 xlO8

Paint Product 1.89 x 108 2.04 xlO8
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Table 27: Viable Counts obtained from the External Coatings and Paint Products using the 

Filtration Technique.

Product Isolation

Temperature

Medium (CFU mL’1) 

R2A Nutrient Agar

External Coating 25°C 0 10

30°C 20 90

37°C 20 90

Paint Product 25°C TNTC TNTC

30°C TNTC TNTC

37°C 30 120
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Table 28: Preliminary Morphological and Biochemical Test Results from the Bacteria 

Isolated from the Coating and Paint Products.

Sample Gram Morph. Motility Oxidase Catalase Reference

Reaction

Coatings + Rods + nd - CPI

Coatings + Rods + nd - CP2

Coatings + Rods + nd - CP3

Coatings + Rods - nd - CP4

Paint + Rods + nd - PP1

Paint + Rods + nd + PP1

Paint + Rods - nd + PP3

Paint + Rods + nd - PP4

Paint - Rods - - nd PP5

Paint - Rods - - nd PP6

Paint - Rods - - nd PP7

Paint - Rods - - nd PP8

morph. = morphology; nd = not done

205



Table 29: Identification of the Bacteria Isolated from the Coatings and Paint Products 

using the API Identification Technique

Reference Number API System Identification Percentage I.D

CPI 50 CH Unacceptable nr

CP2 50 CH Paenibacillus alvei nr

CP3 50 CH Unacceptable nr

CP4 50 CH Unacceptable nr

PP1 50 CH Bacillus coagulans nr

PP2 50 CH Bacillus circulans or 
Bacillus subtilis

nr

PP3 50 CH Bacillus
stearothermophilus

nr

PP4 50 CH Unacceptable nr

PP5 20 E Acinetobacter spp. 87.4

PP6 20 E Tatumella ptyseos 22

PP7 20 E Tatumella ptyseos 99.8

PP8 20 NE Pseudomonas
flourescens

30.3

nr = no result

The majority of bacteria isolated from the coatings product appeared to belong to 

the genus Bacillus. Although an acceptable identification was not possible in the majority 

of the isolated cultures from the coatings product, the aerobic Gram positive rods appeared 

to posses an endospore, and, therefore, are most likely to belong to the genus Bacillus. The 

possible reason for the poor identification of these bacteria is that the API system is 

designed to identify medically important bacteria and, as such, is not always successful in 

the identification of environmental isolates. Bacillus spp. are widespread in nature,
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commonly isolated from soil and food and few species are pathogenic to humans (Holt et 

al, 1994). They can survive extreme temperatures due to their endospores.

A greater variety of bacteria were isolated from the contaminated paint product 

these included three Bacillus spp., Paenibacillus alvei, Acinetobacter spp., Tatumella 

ptyseos and Pseudomonas flourescens. The two species which were of particular interest in 

this project were T. ptyseos and P. flourescens, the Gram negative rods. The outer 

membrane proteins were extracted from their Gram negative cell envelopes, to determine if 

any observable differences occurred in the strains demonstrating tolerance towards the 

isothiazolone biocides and sensitive control cultures. It was, therefore, possible to 

determine whether T-OMP was present. The reference cultures were T. ptyseos and P. 

flourescens. T. ptyseos is a rare opportunistic pathogen, its optimum growth temperature is 

between 25 and 36°C, it is isolated from human clinical specimens, mainly the respiratory 

tract, some blood isolates and animals. P. flourescens is an opportunistic pathogen, it is 

widespread in nature and can be isolated from a number of environmental or human 

sources.
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Table 30: Determination of the MIC for the bacteria identified from the coatings and paint
products against the three isothiazolone biocides and thiomersal.

Reference Determined MIC (fig mL'1)

______________BIT________ MIT_________CMIT_________Thiomersal
Control Bacteria

Pseudomonas
jlourescens

256 64 4 4

Tatumella
ptyseos

1 1 1 1

CPI 2 N/A N/A 8

CP2 4 N/A N/A 8

CP3 2 N/A N/A 2

CP4 2 N/A N/A 2

PP1 2 N/A N/A 2

PP2 1 N/A N/A 1

PP3 1 N/A N/A 2

PP4 2 N/A N/A 1

PP5 4 64 64 4

PP6 4 64 4 1

PP7 2 128 16 1

PP8 1 64 2 1

N/A = Not Applicable; Embolden cultures PP5, PP6 , PP7 and PP8 = Gram negative 

bacteria (refer to Table 29 for the identifications).
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The MICs for the species of Bacillus isolated from the coatings product (Table 28) 

were determined against the isothiazolone biocide BIT and the thiol-interactive agent 

thiomersal to establish whether any degree of resistance towards the biocides was 

demonstrated (Table 28). It was observed that relatively low concentrations of biocide 

(between 2 and 8 /xg mL"1) inhibited the growth of the bacteria. It was suggested that these 

concentrations were too low to suggest any real level of tolerance or resistance. Therefore, 

the bacteria isolated from the contaminated coatings product were not investigated further. 

The concentrations of biocide required to inhibit the growth of the Bacillus spp. isolated 

from the paint product were between 1 and 2 /xg mL’1. This group was also excluded from 

further study due to the low level of tolerance or resistance demonstrated towards the 

biocides.

The MICs for the Gram negative bacteria isolated from the contaminated coatings 

product were determined against all three isothiazolone biocides and thiomersal (Table 

28). The concentrations of BIT and thiomersal required to inhibit the growth of the 

bacteria were low at between 1 to 4 /xg mL’1. However, the concentration of MIT required 

to inhibit the growth of the Acinetobacter (PP5), T. pytseos (PP6) and P. flourescens 

(PP8) was 64 /xg mL'1, and was 128 /xg mL’ 1 for T. ptyseos (PP7). The MIC for MIT 

against the control culture of T. ptyseos was 1 /xg mL’1 and the MIC against the control P. 

flourescens was 64 /xg mL'1. Therefore, the isolated cultures of T. pytseos demonstrated 

resistance towards the biocide MIT. The MICs determined against CMIT for the isolated 

cultures ranged between 2 and 64 /xg mL’1, whereas the MICs for CMIT, against the 

control cultures were 1 /xg mL’1 for T. ptyseos and 4 /xg mL’ 1 for P. flourescens. The 

isolated culture of P. flourescens (PP8) did not demonstrate any resistance towards CMIT. 

However, the MIC was 16 /xg mL' 1 for the isolated culture of T. ptyseos (PP8) thereby 

indicating a significant tolerance towards CMIT. The MIC for T. ptyseos (PP6) was 4 /xg 

mL’1, thereby indicating a slight tolerance towards CMIT. The preservation system in the 

paint and coatings products contains the isothiazolones MIT and CMIT, thus, it is 

suggested than on exposure to the biocides the bacteria develop tolerance towards the 

preservation biocides. There is no apparent resistance demonstrated towards the third
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isothiazolone biocide BIT. However, the isolated culture of P. flourescens (PP8) had a 

considerably lower MIC against BIT, thereby indicating an increased resistance towards 

one isothiazolone biocide and increased sensitivity towards another. The observed MIC 

results for the Acinetobacter spp. (PP5) were relatively high for MIT and CMIT in 

comparison to the other biocides. It would have been interesting to compare these results 

to a control bacterium. However, this was not possible because the bacterium was not 

identified to species level.

The outer membrane proteins were extracted from the Gram-negative isolates and 

the control bacteria, and the protein profiles were determined using SDS-PAGE. Upon 

examination of the protein profiles (Figure 53) it was observed that OMP shifts occurred 

between the sensitive and resistant cultures. Eight OMPs (protein numbers 1, 2, 7, 14, 15, 

18, 19 and 21) visible in the sensitive cells of T. ptyseos are not visible in the resistant 

profile. It is not possible to accurately identify any the addition of OMPs in the resistant 

profile, because of the difference in the protein concentration between the sensitive and 

resistant profile. The OMP profile for the sensitive culture of P. flourescens contains 22 

visible protein, whereas, the resistant culture of P. flourescens contains only 17 visible 

proteins. The following proteins have present in the sensitive cultures have disappeared 

from the resistant strain, protein numbers 10, 15 17 19 and 21. However, two OMPs (12 

and 16) have appeared in the resistant profile which are not present in the sensitive profile. 

Therefore, it may be suggested that the increased tolerance towards the biocidal agents 

may be a result of the alterations in the OMP profiles.
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F ig u r e  5 3  (a ) Outer Membrane Protein Profile of the Gram negative bacteria isolated from 
the coatings and paint products and the control isolates of Pseudomonas flourscens and 
Tatumella ptyseos. Lane 1: molecular weight markers; Lane 2: control cells of Tautmella 
ptyseos; Lane 3: control cells of Pseudomonas flourscens’, Lane 4: isolated cells of 
Tautmella ptyseos', Lane 5: isolated cells of Pseudomonas flourscens. (b) The same gel 
image after Phoretix analysis. Black lines on the image indicate the presence of protein 
bands. White lines on the image indicates computed propagation of molecular weights 
across the gel. Scales icon indicates the marker lanes. Protein concentrations:- Lane 2: 14 
jag mL'1; Lane 3: 19jag mL'1; Lane 4: 26|ag mL'1; Lane 5: 21 jag mL'1.
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In order to prevent microbial growth in the commercial products action was taken 

before this investigation was carried out. The preservation system in the coatings product 

has been altered to a solution of 0.2% w/w stabilised solution of bronopol and Kathon™ 

(CMIT (0.7-0.9% w) and MIT (0.2-0.3% w) and 0.25% w/w synergistic combination of 

aromatic and heterocyclic algicidal and fungicidal active agents. In addition, the 

production plant has been revisited, sterilisation techniques and hygiene regulations have 

been reviewed. The new system appears to be working, there has been no reports of 

contaminated products. However, within time the bacteria may develop resistance towards 

the new preservation system.

Action taken to prevent the contamination of the coating and paint products
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Chapter Eight
Discussion: Studies on T-OMP and the Development of Antimicrobial Tolerance

in P s e u d o m o n a s  a e r u g i n o s a  PAOl

Resistance is defined as the ability of a microorganism to evade the action of an antimicrobial 

agent, whereas sensitivity is defined as the ability of the agent to inhibit the growth of or kill 

the microorganism. Resistance is divided into two classes intrinsic and acquired. Intrinsic 

resistance is the in-built mechanism of the microorganism, in which they evade the action of the 

antimicrobial agent. Intrinsic resistance is particularly important in Gram negative bacteria. 

This is due to the semi-permeable nature of the outer membrane towards antimicrobial agents. 

Acquired resistance may be sub-divided into genotypic and phenotypic characters. Phenotypic 

resistance is classified as being unstable and reversible with no related genetic alterations to the 

genome. Therefore, the observed resistance will be reversed when the prevailing conditions are 

removed. Phenotypic resistance often exploits some intrinsic resistance mechanism of the 

microorganism. Genotypic resistance is defined as the stable acquisition of new genetic 

information or mutations and it is, therefore, non-reversible.

When resistance is observed towards a particular antimicrobial agent it is more 

commonly a result of numerous mutations resulting in a small gradual increment in resistance. 

Alternatively, resistance may be the result of a variety of biochemical mechanisms giving rise to 

acquired resistance. For example, resistance in Gram negative bacteria may result from the 

combined effects of the slow permeation of the antimicrobial into the cell, in association with 

the subsequent biochemical inactivation of the antimicrobial agent. For example, resistance to 

the 8-lactams. The mechanism of resistance within the cell must be developed whilst 

maintaining the physiological function of the cell. For example, the modification of the target 

site is often accompanied by a decrease in the sensitivity towards an antimicrobial, whilst the
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target site maintains its function. For example, the overproduction of the target site is a 

mechanism associated with resistance towards trimethoprim. This results in a greater 

concentration of the antimicrobial required to inhibit the growth of the bacteria. The cell 

envelope structure demonstrates high levels of plasticity, which constantly interact with the 

external environment (Gilbert et al, 1987). Therefore, the cell envelope has the ability to adapt 

to many alterations in the external environment, in order to prevent the antimicrobial agent 

gaining entry into the cell interior.

The exposure of Pseudomonas aeruginosa PAOl to the Isothiazolone biocides and Thiomersal.

Initial experiments investigating the development of resistance in Pseudomonas 

aeruginosa PAOl towards the isothiazolone biocides and thiomersal were performed by 

repeated passage in M3C/4 of the biocide. The MICs increased for all four biocides when P. 

aeruginosa was cultured in R2A medium and for the three isothiazolone biocides when 

cultured in CDM. During the induction of resistance towards BIT in R2A medium the original 

MIC was 56 pg mL'1. Following the first exposure to MIC/4 the MIC increased to 60 pg mL"1. 

The MIC continued to increase throughout the induction of resistance at a gradual rate, until by 

passage 11 (the point at which the cells are deemed resistant) the MIC was 98.6 pg mL' 1 

(Figure 16). This is an overall increase of 76% over the original pre-exposed MIC. Upon 

removal of the cells from the presence of the biocide the MIC immediately decreased to 95 pg 

mL'1. The cells were passaged three successive times in the absence of biocide, at which point 

(Passage 14) the MIC decreased to 84 pg mL'1. A similar pattern of resistance was observed 

when P. aeruginosa was exposed to BIT and cultured in CDM. The original MIC for the 

sensitive cells was 5.73 pg mL'1. The cells were passaged in the presence of MIC/4 of biocide 

for ten successive passages at which point (Passage 11) the MIC had increased to 9.07 pg mL'1 

(Figure 17). This is an increase of 58% over the original pre-exposed MIC. Upon removal of
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the cells from the presence of the biocide the MIC began to immediately decrease, at passage 14 

the MIC was 6.4 jag mL'1.

The initial MIC for the sensitive cells towards MIT during the induction of resistance 

was 19 fJLg mL"1. Following the initial exposure to the presence of the biocide the MIC increased 

to 28.6 jag mL"1. The MIC continued to increase with every successive passage in the presence 

of biocide. At Passage 11 the MIC was 48.66 jag m L1 (Figure 22), this is an increase of 156% 

over the original pre-exposed MIC. Once the cells were removed from the presence of the 

biocide the MIC immediately began to decrease, and at passage 14 the MIC was 39.3 fig mL"1. 

The effect of the induction of resistance towards MIT was also significant in CDM. An overall 

increase of 298% in the MIC from the sensitive cells (MIC of 2.46 jag mL'1) to the resistant 

cells (MIC of 3.4 jag mL"1, Figure 18) was observed. The initial passage in the presence of 

biocide demonstrated an increase of 10 jag m L1. Upon removal of the cells from the presence 

of the biocide the MIC decreased to 9.0 jag mL"1 by passage 14.

The original MIC for the sensitive cells in the induction of resistance towards CMIT in 

R2A media was 1.3 jag mL"1, which is significantly lower than the other biocides. This may be 

due to the different mode of action of CMIT as a result of the highly reactive thiol-acyl chloride 

formation (Collier et al, 1990a; Collier et al, 1990c). There was no significant increase 

observed in the MIC of CMIT until passage five, the fourth subsequent passage in the presence 

of biocide, at which point the MIC had increased to 1.76 jag mL"1 (Figure 19). This indicates a 

different mechanism of resistance may be occurring during the induction of resistance towards 

CMIT, as opposed to that involved in resistance to the other biocides. At passage 11, the MIC 

had increased to 2.5 jag mL'1, an increase of 92% over the original pre-exposure MIC. Once the 

cells are cultured in the absence of biocide a significant decrease was observed between 

passages 11 and 12 to 2.0 jag mL"1. The MIC decreased to 1.8 jag mL"1 by passage 14, indicating 

that the mechanism of resistance is dependent upon the presence of the biocide. Upon initial
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exposure of the cells towards MIC/4 of CMIT cultured in CDM, the MIC increased from 0.25 

fig mL' 1 to 0.3 fig mL'1. However, there was no further significant increase in the MIC until 

passage 5, at which point the MIC increased to 0.38 fig mL'1. This is the same point at which 

the development of resistance was observed in the cells cultured in R2A medium. At passage 

11, the MIC increased to 0.6 fig mL' 1 (Figure 20), an increase of 140% over the original pre

exposure MIC. Upon removal of the cells from the presence of the biocide the MIC decreased, 

until at passage 14 the MIC was 0.15 fig mL*1. This final MIC was less than the original MIC of 

the sensitive cells, indicating that resistance had been completely reversed and that, 

subsequently, the cell had enhanced sensitivity towards this biocide. This notable difference 

regarding the biocide CMIT may be indicative of the different activity of the biocide. The MIC 

decreased when the cells resistant to CMIT in R2A were placed in biocide free-media. 

However, this reversal of resistance goes further than the original MIC in the exposure to CMIT 

in CDM and may be due to the absence of thiol-groups. Hence, the activity of the biocide is not 

quenched by the presence of thiol-groups in the media. This may also indicate that the 

resistance mechanism is some form of reprocessing procedure within the cell. The resistance 

mechanism may be connected to an active metabolic flux of the biocide, which removes the 

biocide from the cell. Therefore, accounting for the lower observed MIC in the passage 14 cells 

than the sensitive cells.

The induction of resistance towards thiomersal demonstrated a slightly different pattern 

than that of the isothiazolone biocides. The initial MIC for the sensitive cells was established at

9.4 fig mL"1, and following the first exposure in the presence of biocide the MIC increased to 10 

fig mL"1. The MIC began to increase in a definite step-wise fashion (Figure 21) until at passage 

11 the MIC had increased to 17.93 fig mL"1. This is an overall increase of 91% between the 

sensitive and resistant cells. Upon removal of the cells from the presence of the biocide the 

MIC continued to increase to 18.0 fig mL"1. At passage 14 the MIC had decreased to 16.8 fig
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mL'1. It was not possible to induce resistance towards thiomersal in CDM. This is thought to be 

a result of the combined effect of nutrient limitation and biocide induced sub-MIC stress. These 

observations indicate, that the mechanism of resistance developed towards thiomersal, is a 

different mechanism than that towards the isothiazolone biocides.

The resistance observations indicate that the resistance mechanism is dependent upon 

the presence of the biocide, but it is a gradual adaptation and not an instantaneous one. Upon 

the removal of the cells from the presence of the isothiazolone biocides, the MICs begin to 

decrease, indicating that biocide presence is required for the mechanism of resistance. However, 

the reversal of the resistance is not immediate in the majority of cases. The only example, 

whereby the resistance appears to be totally reduced, was the induction of resistance towards 

CMIT in CDM. This is possibly due to the reactivity of the biocide and the absence of 

exogenous thiol-groups which increased the rate of the reversal mechanism. Thereby, indicating 

that the resistance mechanism is connected to an active metabolic efflux of the biocide from the 

cell. Results indicate that the resistance reversal mechanism is a gradual step-wise adaptation, 

similar to the mechanism for the development of resistance.

Brozel and Cloete (1994) concluded that a gradual adaptation in the MIC indicates that 

the mechanism of resistance is not a mutational event, but a specific intracellular mechanism. 

They observed that T-OMP was lost within the first exposure to the biocide and did not 

reappear in the 72 hours post-exposure, in the absence of biocide. Their observation of the loss 

of T-OMP in the first exposure to the biocide indicates that the mechanism of resistance is only 

related to the loss of the protein and that the protein is not the sole mechanism of resistance. 

The protein disappeared before the cells reached significant levels of resistance, and hence, this 

implies that a biochemical system may participate in the resistance mechanism. They observed 

that the T-OMP did not reappear in the 72 hour post-exposure in the absence of biocide, unlike 

the findings of this investigation. This may be due to differences in the specific form of biocide
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used between these two studies. Brozel & Cloete (1994) induced resistance using the 

commercial product Kathon™, whereas the pure forms of the biocides were used the present 

investigation.

The reactivity of the biocides in relation to the observed resistance.

The biocide CMIT is the most reactive of the four biocides used in this investigation 

(Table 11; Collier et al, 1990a; Collier et al, 1990c). This greater reactivity is thought to be 

related to the specific mode of action of CMIT. The initial reaction of CMIT with thiols results 

in the formation of mixed disulphide adjuncts. Further reaction with thiols results in the 

formation and subsequent release of oxidised thiol-dimers and reduced open-ring forms of the 

isothiazolone biocides (e.g. mercaptoacrylamide; Collier et al, 1990b) The 

mercaptoacrylamides react further with the biocides resulting in biocide dimers (Collier et al, 

1990b). The CMIT mercaptoacrylamide tautomerises producing a highly reactive thiol-acyl 

(Figure 4; Collier et al, 1990b). This is thought to account for the biocidal activity demonstrated 

towards the eukaryotic microorganism Schizosaccharomyces pombe (Collier et al, 1990b). 

However, significant biocidal activity was not observed towards Gram negative bacteria and 

this is thought to be related to the selective permeability of the Gram negative outer membrane 

(Collier et al, 1990b). Following treatment of the cells with EDTA, Brozel and Cloete (1994) 

observed bactericidal activity towards P. aeruginosa. However, following treatment with the 

permeabilisers sodium polyphosphate (SPP) and trisodium citrate dihydrate (TCD) the 

sensitivity of the cells was increased towards the biocides (Tables 17 and 18). The MICs 

decreased when in the presence of permeabiliser agents which enhances the entry of the 

biocides into the cell interior. However, they did not decrease to the levels observed in the 

sensitive cells (Tables 17 and 18). This indicates that the outer membrane plays a role in the 

development of the resistance towards the isothiazolone biocides and thiomersal, but it is not
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the only factor participating in the resistance mechanism. This supports the theory of Collier et 

al, (1990b) that the activity of the biocides is rate limited. This is because the OMPs limit the 

entry of the biocide into the cell interior. The biocides may demonstrate biocidal activity if they 

are allowed to attain high concentrations in the cell interior. If the biocide is only allowed to 

slowly enter into the cell interior it will not reach sufficient concentrations to achieve biocidal 

activity. Therefore, if the LPS is removed the entry rate into the cell interior is increased and 

hence, permits a greater biocide concentration into the cell resulting in higher levels of 

bactericidal activity (Brozel & Cloete, 1994).

Alterations in the Outer Membrane Proteins and their association with Antimicrobial 

Resistance.

Alterations in the outer membrane proteins in Gram negative bacteria have been 

associated with resistance to a variety of antimicrobial agents. Although it is often postulated 

that the loss or appearance of the OMPs is directly associated with the observed resistance to 

the antimicrobial, in many cases it may be a phenomenon associated with the resistance 

mechanism occurring within the cell. A  decrease in the intensity of OMP F (38 kDa) and a 

prominent increase in a 41 kDa OMP is associated with resistance towards erythromycin in P. 

aeruginosa S-6 (Tateda et al, 1994). The role of the 41 kDa protein is unknown. However, it is 

possible that it is an altered form of OMP F. This is because the total amount of the 38 kDa and 

the 41 kDa proteins in the treated cells is equivalent to the total amount of the 38 kDa protein in 

the pretreated cells (Tateda et al, 1994). Sub-MIC treatment with aztreonam was found to 

increase the copy number of the 38 kDa protein (OMP F) in P. aeruginosa and was observed to 

result in alterations in the integrity of the LPS (Magni et al, 1994; Cipriani et al, 1991). 

Imipenem is a broad spectrum carbapenem 6-lactam antibiotic, which is highly active against P. 

aeruginosa. It is of particular interest because of its high potency, broad spectrum activity and
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the general lack of microbial cross-resistance found with other 6-lactam antibiotics (Ochs et al,

1999). It was found that resistance developed at a significant rate and was associated with the 

loss of protein D2 (41 kDa) (Hung et al, 1992; Yoshihara et al, 1996). They also observed a 

decrease in the production of three other outer membrane proteins C, E l and E2 (23, 35, and 45 

kDa respectively). These proteins are also associated with resistance towards 6-lactams, the 

new quinolones and chloramphenicol. The loss of OMP D expression is a result of the deletion 

in the OMP D coding region and upstream promoter region (Ochs et al, 1999).

There are three types of outer membrane proteins (OMP) in bacteria, which are 

classified as general, specific and those related to the active transport mechanisms. For 

example, the active transport systems related to the uptake of vitamin B 12 and iron chelation 

(Kramer, 1999). The active transport systems are energised by conformational coupling to the 

plasma membrane through proteins spanning the periplasm (Kramer, 1999). The 

overproduction of Opr J is associated with cross-resistance to the new cephems and quinolones 

and is most probably associated with alterations in the efflux transport of the antimicrobials 

(Masuda et al, 1995). The loss or overproduction of the OMPs in Gram negative bacteria may 

not be the direct mechanism of resistance, but it is often an indication of some other resistance 

mechanism occurring within the cell. Therefore, the OMP profiles in the cells resistant towards 

the isothiazolone biocides and thiomersal from this study were investigated to determine if any 

alterations were observed.

The Observation ofT-OMP shifts.

The OMP profiles of all the passages of cells exposed to MIC/4 of the isothiazolone 

biocides and thiomersal were investigated to determine whether any alterations could be related 

to the observed resistance to the biocides. An outer membrane protein (T-OMP) in the range of 

31-36 kDa (Table 17) was observed to disappear in cultures of P. aeruginosa exposed to MIC/4
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concentrations of the isothiazolone biocides and thiomersal. There are slight variations in the 

estimated molecular weights of T-OMP, which is thought to be due to variations in the 

scanning of the gels into the computer and the exact point of estimation of the Rf values by the 

computer software. The mean of the estimated values for T-OMP is 33 kDa (with a standard 

deviation of 1.718 kDa). Brozel and Cloete (1994) observed the disappearance of T-OMP to 

occur at 35 kDa. However, they did not use a computerised system for molecular weight 

determination. They estimated the Rf values of the proteins against the position of molecular 

weight makers by hand, this may account for the variation between the results of this 

investigation and that of Brozel and Cloete (1994). T-OMP was absent in all of the cultures 

which were deemed resistant to the isothiazolone biocides and thiomersal. However, the exact 

passage number at which point the protein disappeared varied between different induction 

systems. T-OMP was observed to disappear at passage four during the induction of resistance 

towards BIT in R2A media. At this point the cells had been exposed to three successive 

passages in the presence of biocide and the MIC of the cells was 76 /xg mL'1. Therefore, the 

MIC had increased by 20 jug mL'1 from the original pre-exposed MIC. This represents 36% of 

the overall increase in MIC between the sensitive and resistant cells. In the cells exposed to 

MIT and thiomersal in R2A media, T-OMP was observed to disappear by the second passage. 

This is after only one exposure to M3C/4 of biocide, and the MIC has only increased to 28.6 fig 

mL'1 for the MIT exposed cells and 10 /xg mL'1 for the thiomersal exposed cells. This 

represents only 32% and 7% respectively of the total increase in MIC. T-OMP was also 

observed to have disappeared by the second passage in the cells exposed to BIT and MIT in 

CDM. This only represents 19% of the total increase in MIC for the BIT induction of resistance 

and 13% of the total increase in the MIC for the MIT induction of resistance. T-OMP did not 

disappear until the third passage in the induction of resistance towards CMIT in R2A medium 

and the fourth passage in the induction of resistance towards CMIT in CDM. This is possibly
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because the MICs, in this instance, did not begin to increase after the cells initial exposure to 

biocide. There was no significant increase in MIC until the fifth passage in R2A medium. 

Although there was a slight increase in the MIC after the initial exposure to the biocide in 

CDM, there was no significant increase in MIC until the fifth passage. These results suggest 

that T-OMP is sensitive to sub-MIC concentrations of biocide and that this is exhibited by the 

early disappearance of this protein in passages well below the deemed resistance level (Passage 

11). The protein T-OMP reappears in all cases when resistant cells are passaged in the absence 

of the biocide. When resistant cells are subsequently passaged in the absence of the biocide T- 

OMP reappears in the first of such passages. This suggests that the appearance / disappearance 

of T-OMP is dependent upon the presence of the biocide and may not be directly linked to the 

resistance per se.

The disappearance and reappearance of the protein T-OMP would initially support the 

theory by Brozel and Cloete (1994) that T-OMP is the entry route into the cell and hence the 

loss of T-OMP would limit the entry of biocide into the cell. Hence, this may account for the 

observed development of resistance in P. aeruginosa PAOl. However, upon close examination 

of the T-OMP disappearance and the observed MICs at the individual passage points, it is clear 

that the cells have developed little resistance to the biocides when the protein T-OMP 

disappears. In addition, the protein T-OMP reappears in most instances immediately after the 

removal of the biocide presence, at which point the MICs have decreased very slightly from the 

resistance levels (Table 12). Hence, the cells will still be significantly resistant to the biocide at 

this point. These results suggest that the disappearance of T-OMP is connected to the 

development of resistance, but not the sole mechanism accounting for that resistance. Brozel 

and Cloete (1994) did not observe the reappearance of T-OMP following the passaging of the 

resistant cells in biocide-free media. They therefore, concluded that the disappearance of T- 

OMP was a permanent resistance mechanism or mutation. However, in this study the protein T-
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OMP reappeared and the MICs began to decrease when cells were cultured in the absence of 

biocide. Therefore, it is evident that the resistance mechanism is not permanent when the 

presence of the biocides is removed.

Brozel and Cloete (1994) observed a wider stress response (that is other resistance 

mechanisms in association with OMP alterations) on the first exposure to the biocide. This 

resulted in the concurrent production of minor OMPs which were not detected in the sensitive, 

resistant or non-exposed cells. They concluded that these proteins did not contribute towards 

the observed resistance mechanism. Slight variations in the overall OMP profiles were observed 

in this investigation (Figure 30), and although not regarded as being initially significant in the 

resistance mechanism they may be of importance in subsequent investigations. A wider stress 

response is often demonstrated upon exposure to environmental stress conditions (Brown & 

Williams, 1985). Therefore, alterations in the outer membrane may infer the presence of several 

distinct resistance factors with similar outcomes. Resistance to the fluoroquinolones has been 

observed to be associated with alterations in DNA gyrase and cell permeability (Hostacka et al, 

1995). The unusual presence of three OMPs at 54, 50 and 49 kDa is associated with the 

decreased cell permeability (Hostacka et al, 1995). The mutation nalB is associated with the 

presence of the 49 kDa protein and is also thought to confer cross-resistance to a variety of 

antimicrobial agents including the quinolones, cephems, carbenicillin and chloramphenicol 

(Masuda et al, 1995).

The two-dimensional gel electrophoresis analysis indicates, that outer membrane 

proteins which are present in the sensitive cells are lost from those cells resistant to MIT and 

thiomersal. However, it is not clear as to the exact identity of T-OMP in the two-dimensional 

gels. Therefore,it is not possible to conclude that T-OMP is lost from the outer membrane. 

However, the gels do indicate that protein shifts are occurring in the outer membrane, when a 

tolerance to the biocides is observed.
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The effect of nutrient limitation on Pseudomonas aeruginosa.

In conditions of nutrient limitation the cell becomes economical with its metabolic 

processes in order to redirect the energy towards more essential services, this may result in 

OMP shifts. The effects of biocide challenge may have similar effects upon exposed bacterial 

cells. Therefore, the exposure of the cells to biocides may effectively starve the cells resulting 

in the alteration of OMP profiles. The observation of T-OMP shifts following exposure to 

biocides may result from the resistance mechanism directed towards the biocides or, the results 

of nutrient limitation subsequent to biocide challenge. In order to eliminate this second 

possibility from this investigation, the outer membrane was observed with reference to T-OMP 

under conditions of nutrient limitation in the absence of biocide. It was observed that under 

conditions of carbon, nitrogen, phosphorous and potassium limitation the protein T-OMP did 

not disappear (Figure 43). Therefore, it is possible to conclude that the alteration in the OMP 

profile, resulting in the loss of T-OMP, is related to biocide challenge and not nutrient 

limitation.

Cross-Resistance between antimicrobial compounds.

A wide variety of products including toothpastes, cutting boards and carpeting contain 

the antibacterial agent triclosan (Travis, 2000). Recent studies have reported triclosan-resistant 

microbes and there is growing concern that the increasing use of this product will encourage the 

evolution of bacteria impervious to the compound and others (Travis, 2000). Following the 

introduction of triclosan three decades ago, its use has rapidly increased. It was thought that 

resistance would not develop towards this compound, because the mode of action against 

bacteria targets the cell in a number of ways, instead of targeting a single protein (Travis, 2000). 

It was however discovered that the major mode of action is specific and inhibits the enzyme 

enoyl-ACP reductase or Fab I involved in fatty acid synthesis (Heath & Rock, 2000; Travis,
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2000). A mutation in the gene encoding the enzyme in some bacteria is associated with 

resistance to triclosan (Travis, 2000). In addition, this mutation is associated with resistance 

towards antibiotics employed against tuberculosis, for example, isoniazid (Heath & Rock, 

2000; Travis, 2000). Hence, the use of triclosan may result in the emergence of drug-resistant 

strains (Travis, 2000). Suzangar et al, (2000) suggested that the slow release of triclosan from 

cutting boards, could expose bacteria to sublethal concentrations of the agent and promote the 

development of resistance (Travis, 2000). The widespread use of this agent will promote the 

development of resistance and reduce the effective useful life of the agent, in addition it may 

promote cross-resistance towards other antimicrobial agents (Travis, 2000).Therefore, it is 

apparent that the induction of resistance to one antimicrobial agent may promote resistance 

towards others. It was suggested that the cultures resistant towards one of the isothiazolone 

biocides or thiomersal may be resistant to the other biocides. The results of the cross-resistance 

study (Table 14), investigating the possibility of cross-resistance between the induced resistant 

cultures of P. aeruginosa towards the isothiazolones and thiomersal and the other biocides, 

indicate the emergence of cross-resistance with this group. A marked increase was observed in 

the MICs of the cross-resistant test strains towards the other test biocides, over the original MIC 

prior to biocide exposure. For example, sensitive cells of P. aeruginosa were discovered to 

have an MIC of 56 fig mL'1 towards BIT, the test-culture resistant to MIT has an MIC of 70 fig 

mL'1 against BIT (Table 13). This indicated significant cross-resistance between the P. 

aeruginosa cultures resistant to MIT and BIT. The results of all the resistant strains indicate that 

once resistance has been induced in a culture towards one biocide the resistance is, to some 

extent, exhibited towards other members of the same group. The cross-resistance is also 

demonstrated towards other thiol-interactive agents. For example, the isothiazolone resistant 

strains demonstrate a degree of resistance towards thiomersal and vice versa (Tables 13 and 14).
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Alterations in the Lipopolysaccharide and Cellular Morphology and their association with 

Antimicrobial Resistance.

OMP alterations and the integrity of the LPS influences the permeability of 

antimicrobial agents across the Gram negative outer membrane (Giordano et al, 1993). LPS 

molecules are confined to the outer leaflet of the outer membrane and are tightly associated 

with the OMPs (Jann & Jann, 1999). It is thought that modifications of the LPS structure play 

an important role in the regulation of the protein channels. Therefore, increased resistance 

towards antimicrobial agents may be associated with observed changes in the OMP or LPS, or 

both (Giordano et al, 1993). The LPS profiles of resistant cells were investigated to determine 

whether any observable alterations could be detected between the sensitive and resistant non

mucoid and mucoid cells. There were no observable alterations in the LPS profiles of the 

resistant cultures (Figure 57). However, it cannot be concluded that the LPS plays no factor in 

the mechanism of resistance. This is because alterations in the LPS profiles are not always 

observed when the LPS participates in the resistance mechanism.

Sub-inhibitory concentrations of erythromycin enhanced the serum sensitivity of some 

strains of P. aeruginosa (Tateda et al, 1994). This observation was accompanied by cellular 

morphology alterations and changes in the cell surface hydrophobicity. Wild-type rough 

mutants demonstrate an absence of heptose. They tend to be more hydrophobic and are, 

therefore, more permeable to hydrophobic antimicrobials (Rocchetta et al, 1999). This is 

thought to be due to the hydrophobic nature of the phospholipid bilayer patches, which replace 

the heptose. Nikaido and Vaira (1985) suggested that reorganisation of the outer membrane, 

instead of substitution, accounts for the observed replacement of proteins with phospholipids. 

They also suggested that this reorganisation, rather than the alteration of LPS causes an increase 

in the hydrophobic permeability in the rough mutants.
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Evans et al, (1991) observed that mucoid strains of P. aeruginosa were associated with 

decreased sensitivity towards the quinolone antibiotic ciprofloxacin. P. aeruginosa strain Z61 

demonstrates a six-fold increase in permeability towards the 6-lactam nitrocefin. This is also 

accompanied by a 4 to 10000-fold increase in the susceptibility towards 30 different 

antimicrobials. Although there were no observed alterations in the OMP profiles (Angus et al, 

1982). However, alterations were observed in the lipid A component of LPS, which is thought 

to favour an opening of the functional pores.

Two different morphological types of P. aeruginosa PAOl were observed on the 

gradient plates in the routine maintenance of resistant cultures (Figure 45). One type was 

mucoid and the other non-mucoid. It is thought that the emergence of mucoid forms is 

accompanied by alterations in the LPS, because they are observed to express smaller quantities 

of B-band O-polysaccharide, whilst maintaining the levels of A-band O-polysaccharide 

(Rocchetta et al, 1999). The B-band polysaccharides are highly anionic and extend through the 

layers of the A-band polymers and OMPs (Rocchetta et al, 1999). The non-mucoid forms are 

devoid of alginate and are thought to contain predominately surface B-band O-polysaccharide 

and demonstrate low surface hydrophobicity (Rocchetta et al, 1999). The cell surface 

hydrophobicity characteristics of the two morphological types were investigated in order to 

establish if this absence could account for the difference. The non-mucoid cells exhibited a 

higher cell surface hydrophobicity than that observed with the mucoid cells resistant to the 

biocides MIT, CMIT and thiomersal in R2A medium (Figures 46 and 47). This suggests a loss 

or reduction in the B-band O-polysaccharide, whilst the A-band O-polysaccharide remains the 

same. The non-mucoid cells exhibit a higher hydrophilicity than that observed with the mucoid 

cells resistant to BIT in R2A medium (Figures 46 and 47). This indicates that there was no loss 

of the B-band polysaccharides in this instance. The non-mucoid cells demonstrated low surface 

hydrophobicity and surface charges, which adhere to glass and polystyrene more effectively
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than those with a B-band absence (Rocchetta et al, 1999). Cell surface alterations and alginate 

production are commonly associated with bacterial strains isolated from cystic fibrosis patients 

and hence, may be a stress response related to the resistance mechanism. This is because the 

cell surface alterations and alginate may enable the cell to evade the action of the antimicrobial, 

by preventing the entry into the cell or producing a protective coating.

Efflux pumps

Active efflux proteins of wide specificity are common in wild type bacteria and 

contribute significantly to the intrinsic resistance observed in P. aeruginosa (Ma et al, 1994). 

Poole et al, (1993) demonstrated an efflux system involving three proteins Mex A, Mex B and 

OMP M, which are critical to the intrinsic resistance mechanism in P. aeruginosa. It has been 

established that a knockout mutation involving genes of any of the three proteins results in a 

four-fold to ten-fold increase in susceptibility towards the quinolones, 6-lactams (except 

imipenem), tetracycline and chloramphenicol. Multiple drug resistant pumps (MDR’s) function 

to effectively protect the cells from commonly used drugs, which are numerous in type and 

function (Ouellette et al, 1997). The results of this study suggest that the observed resistance 

towards the isothiazolone biocides and thiomersal is associated with the switching-on of a 

MDR once the cells are exposed to sub-MIC levels of the biocides. It is also suggested, that the 

disappearance of T-OMP is associated with this switching-on mechanism. A prominent 

increase was observed in a 41 kDa protein following sub-MIC exposure of P. aeruginosa S-6 to 

erythromycin (Tateda et al, 1994). The role of this protein is unknown, however, it is suggested 

that it is an altered form of a 38 kDa protein (Tateda et al, 1994). Such a phenomenon could 

explain the observed loss of T-OMP in these studies. It is possible that the metabolic 

commitment and amino-acids involved in the construction of T-OMP are diverted towards the 

development of a resistance mechanism upon direct biocide exposure. This resistance
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mechanism may involve the construction and operation of a MDR efflux pump, as yet 

unobserved, or alternatively the development of some internal resistance mechanism or 

pathway. The first evidence of the MDR in the Gram negative bacteria was reported by 

Lomovskaya and Lewis (1992). They observed that the MDR protein EmrAB in Escherichia 

coli protected the cells against nalidixic acid and thiolactomycin (Lewis et al, 1997). A MDR 

has recently been suggested by Maira-Latran et al, (2000) in a biofilm formation of E. coli. This 

MDR is thought to protect the cells against the antimicrobial agents iodine, chlorine, 

peroxygens and gluteraldehyde. Kohler et al, (1996) observed that the overexpression of OMP 

M and OMP J was associated with resistance towards trimethoprim and sulphamethoxazole, 

which is thought to be due to the expression of the mexABOprM efflux system.

Schweizer (Chuanchuen et al, 2000) has discovered that almost all strains of P. 

aeruginosa demonstrate resistance towards triclosan due to the action of efflux pumps (Travis,

2000). The pumps are found to remove triclosan and other toxic substances from the cell. 

Therefore, it is possible that the observed resistance in P. aeruginosa towards the isothiazolone 

biocides and thiomersal is a result of some resistance mechanism being switched on in the cells.

Conclusion.

This study was designed to extend and elucidate the work of Brozel and Cloete (1994) 

and to revisit the topic of resistance in Pseudomonas aeruginosa and the associated loss of T- 

OMP with the use of purified forms of the active ingredients of Kathon™. The physiological 

alterations of the cells involved in biocide exposure were closely examined using contemporary 

methods and techniques, which in turn have lead to an extension and improvement of our 

knowledge surrounding the development of resistance towards biocides and concurrent shifts in 

OMPs, particularly the T-OMP. The mechanism of resistance to the isothiazolones and 

thiomersal is a gradual adaptive process dependent upon the presence of the biocide. The loss of
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the protein T-OMP (a 33 kDa protein) is associated with the development of resistance, but 

does not appear to be the sole reason for its occurrence. The protein disappears following the 

immediate exposure of the cells to the biocide and subsequently reappears upon the removal of 

the biocide presence, hence indicating the disappearance / reappearance of T-OMP is just a 

phenomenon related to the presence / absence of biocide and not the direct cause of resistance. 

This may imply that the metabolic energy required for the production of the protein is redirected 

into the resistance mechanism in order to remove the biocide from the cell interior. The 

morphological differences observed in the resistant cultures and the reversal of the MIC below 

sensitive MIC levels in the cells resistant to CMIT in CDM indicate a more complex resistance 

mechanism than that observed by Brozel and Cloete (1994). Results of this study suggest that 

this mechanism may be an efflux system for the removal of the biocide from the cell.
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Suggestion for Further W ork

T h is  p ro je c t c o u ld  h a ve  been e xte n d e d  fu rth e r w ith  a d d itio n a l fin a n c ia l fu n d in g  and

p e rm itte d  tim e . T h e  suggestions fo r  fu tu re  w o r k  are:

•  P u r ific a tio n  o f  the p ro te in  T - O M P  and su bse qu e ntly sequence its N -te r m in a l a m in o  acids.

•  T h e  ra isin g  o f  p o ly c lo n a l and m o n o c lo n a l antib od ies to  the T - O M P  in  o rd e r to  facilitate the 

is o la tio n , p u rific a tio n  and characterisation o f  its p ro te in  structure and c o nse qu e ntly 

d e te rm in e  its ro le  in  the o u te r m e m b ra n e .

•  C o n s tru c tio n  o f  D N A  probes in  o rd e r to  screen P. aeruginosa  libraries in  o rd e r to clon e and 

sequence the gene e n c o d in g  T - O M P .

•  In ve s tig a te  the p o s s ib ility  o f  an e fflu x  p u m p  m e c h a n is m  w ith in  the c e ll, w h ic h  w o u ld  

a c c o u nt fo r  the o b se rve d  resistance to w a rd s the b io c id e s.

•  D e te r m in e  w h e th e r the o b se rve d  resistance and loss o f  T - O M P  w o u ld  be o b se rve d  in  a P. 

aeruginosa  b io film .
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