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Abstract

MECHANISMS OF RESISTANCE TO SILVER IN PSEUDOMONAS AERUGINOSA
A silver-sensitive clinical isolate of Pseudomonas aeruginosa with multiple resistance to

gentamicin, tobramycin and mezlocillin was subcultured in increasing concentrations of
silver nitrate to induce silver resistance. A resistance to silver of 1000..g /ml was achieved
over a period of several months. Resistance to silver increased resistance to arsenate,
copper, mercury and zinc metal ions with a decrease in the resistance to cobalt and lead
ions. The resistance to silver was lost on repeated subculturing of Pseudomonas aeruginosa
in the absence of silver; however the multiple resistance to the antibiotics remained stable.
The presence of an unstable, non-conjugative plasmid possibly conferring silver resistance
was also detected. The growth of cells in the presence of varying concentrations of silver
resulted in death of a percentage of the viable population. At the very high concentration
of silver (1000..g/ml ), the percentage of cell death was 40% within the first hour of
exposure to silver with a lag phase of 23 hours which was reduced to 9 hours on repeated
subculturing. Silver uptake was extremely rapid in the first hour of exposure. Evidence of
possible active efflux of excess silver ions by the Ag-r cells was observed during studies
with the uncoupling agent carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP).
Transmission electron microscopic studies of the silver resistant cells revealed the presence
of electron dense particles consisting of silver on the cell surface, in the trilaminar
structure of the cell walls and in the cell cytoplasm. The composition of the outer
membrane proteins of Ag-r cells differed to that from the control cells. High concentrations
of silver were found to be associated with all outer membrane proteins. Analysis of low
molecular weight proteins, on Sephadex G50 columns showed these proteins to be
associated with increasing amounts of silver which correlated with an increase in the
external concentration of silver. A silver binding protein with a MW of 7400 daltons was
extracted and analysed for silver binding sites using 'H NMR spectroscopy. The protein was
not classified a typical metallothionein due to the presence of several aromatic amino
acids. An increase in production of extracellular carbohydrate was observed in Ag-r cells
exposed to increasing amounts of silver. Isolation and purification of these
exopolysaccharides showed high amounts of bound silver. Scanning electron microscopy
showed silver resistant cells surviving in cocoons of extracellular mucopolysaccharide.
There appear to be several mechanisms by which silver resistance is conferred in
Pseudomonas aeruginosa. One or more of these mechanisms may be expressed by a

plasmid conferring silver resistance.
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Chapter 1
1.1 Introduction
Since the introduction of penicillin in 1941 (Fleming 1932) antibiotics have
become the most effective treatment for bacterial infections. Antibiotics are
usually given prophylactically for short periods as well as being used to treat
infections at their onset or once the infections have become established. Bacteria
can develop resistance to certain antibiotics and therefore, any treatment, other
than these compounds which can be used to stop the development of bacterial
infections at their onset would have certain medical advantages.
Silver has been shown to combine high bactericidal activity with low
mammalian toxicity and is therefore a useful agent in treatment for infection. In
addition, silver has been shown to be effective in controlling the growth and
multiplication of fungi eg. Candida albicans (Wlodkowski and Rosenkranz
1973, Raad er al. 1996) and viruses for example, herpes (Tockmaru et al. 1974).
Johnson Matthey in conjunction with the Institute of Orthopaedics at Stanmore
have developed methods for coating urinary catheters and orthopaedic implants
with antibacterial silver compounds. It is believed that these silver compounds .
will prevent the infection of tissues associated with these devices instead of the
use of the antibiotics.
Applications of such coatings have two main advantages, (i) coatings are applied
to the implants enabling the release of silver ions before a bacterial infection can
become established, and (ii) the bactericidal effect of silver is not dependant
upon blood supply which is of paramount importance for the successful

2



Chapter 1

treatment of infections with antibiotics. If these coatings are to be exploited
commercially and medically for treating infections, it is important to understand
how silver kills bacterial cells and whether bacteria can develop resistance to
silver 1ons.

1.1.1 The Chemistry of Silver

Silver is classified into group 1B of the periodic table together with copper and
gold. It is the member of the second transition series with an electronic
configuration of 4d'° 5s'. It can react in the 1+ and the 2+ oxidation states. In
the 1+ oxidation state, the 5s' electron is involved, whereas in the 2+ electron
state, a d electron is involved. Silver tends to form coordinate covalent
compounds. It reacts with the amines (NHa) to form a complex ion (Ag(NHj;),
or [Ag(RNH,),], and with the sulphuhydryl groups to form very slightly
ionisable AgSR compounds.
It also reacts with the CN to form Ag(CN), complex ion and reacts to form
stable bonds with imidazole, phosphate and carboxyl groups. In its complex
compounds, Ag* can have a coordination number of 2,3 .4, and 6 giving
respectively linear, trigonal, tetrahedral and octahedral structures, whereas only
planar structures with coordination number 4 are known for the Ag”* complexes.
The reaction of silver with proteins is probably based on its ability to form
soluble coordination compounds.

Silver forms highly insoluble halides and oxides, from which metallic silver may
be formed by photochemical reduction. The insolubility of the chloride and
sulphide are responsible for the low toxicity of silver.
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1.1.2 Occurrence of Silver

Silver is widely distributed in numerous sulphide ores, such as iron, copper and
nickel. The main one from which silver is produced is argentite. It is recovered
from this ore by cyanide extraction, zinc reduction or electrolytic processes.
The world production of silver in 1972 was 291 micron fine ounces (900 metric
tonnes). Canada, Peru, USSR and United States are the largest producers of
silver (Carlson and Smith 1975).

1.1.3 The Pseudomonads

Pseudomonas are Gram negative straight or slightly curved rods, motile by
means of one or more flagella. These bacteria are strict acrobes but some can
grow anaerobically in the presence of nitrate. They are nutritionally
undemanding and nearly all grow with ammonium salts and a single carbon
source. The G+C (guanidine & cytosine) content of their DNA is 57-70 mol%
and the type species is Pseudomonas aeruginosa. Pseudomonas aeruginosa was
earlier called Bacillus pyocyaneus (Gk. ‘Blue pus’) because of the characteristic
blue-green colouration of its cultures. Growth of this organism is optimal at
35°C although the species will grow over a temperature range of 10 - 44°C but
not at 4°C (Pitt 1997).

1.2 Medical uses of Silver Compounds
1.2.1 Past History of Silver Therapy

Silver has been used extensively in the medical profession since the eighth
century AD as an antimicrobial agent. The first clear record of the therapeutic

use of silver as a medicinal agent is noted in the writings of a Mohammedan
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school of astronomy and alchemy founded by Geber in 702 AD (Hill and
Pillsbury 1939). Since then, silver was employed medicinally by Aricenna in
980 AD in the form of silver filings as a blood purifier and for the treatment of

offensive breath and heart palpitations (Hill and Pillsbury 1939).

In the fourteenth and fifteenth centuries, various metals were believed to be
represented by the astronomical signs and, according to the theory of the
alchemists, the moon was thought to be related to brain disorders and thus
silver, representing the lunar system, came to be used in treating the insane and
the epileptic. In the early part of the sixteenth century, silver nitrate was used as
a hair dye and a caustic agent. It was not until the late eighteenth century, that
Zolner, Swediaur, Fernel, Willis and Wedel in 1791 reported the danger of
argyria associated with the prolonged use of silver, and from that point in time,
silver fell into disuse as a medicinal agent.

1.2.2 Modern History of Silver Therapy
1.2.2.1 Silver Nitrate

Silver nitrate and tannic acid were used in the 1930s as a 10% (w/v) mixture to
accelerate the formation of a dry eschar to prevent the transportation and
incubation of toxins released from burn wounds. This mixture was restricted in
use however, when tannic acid was discovered to have hepatotoxic properties.
In 1965, silver nitrate was introduced by Moyer at a concentration of 0.5%
solution for topical antimicrobial prophylaxis and was reported to give a
successful control of infection.

A clinically controlled trial by Cason et al. (1966) showed that topical
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application of compresses of 0.5% silver nitrate to extensive burns had
significant prophylactic effects against Pseudomonas aeruginosa and Proteus
species, and lesser effects against Staphylococcus aureus, but had no effect on
Klebsiella species and Escherichia coli. Lowbury and Jackson (1968) showed
that application of cream containing 0.5% silver nitrate had a comparatively
lesser effect on burn wound infection than 0.5% silver nitrate compresses.
Other inmitial studies showed that 0.5% silver nitrate compresses were effective
in controlling burn wound infections and effectively reducing water loss by
evaporation from the wound (Moyer 1965, Monafo and Moyer 1965 and 1968,
Brentano et al. 1966).

Recent studies have shown that silver nitrate, physically and chemically bound
within structures of activated charcoal cloth (Actisorb Plus- Johnson & Johnson
Ltd.) and as 0.1%w/v solution was found to demonstrate antibacterial activity
against Pseudomonas aeruginosa and Staphylococcus aureus; however hospital
1solates of an Enterobacter faecalis and Enterobacter faecum were found to be
more resistant to silver delivered in both the mentioned forms (Furr et al. 1994).
Although silver nitrate was found to be painless on application to burn wounds
it had a few disadvantages. It illuted side effects such as electrolyte depletion
causing lowered levels of sodium, potassium, calcium and chloride ions,
diarrhoea, acidosis and methaemoglobin. It also darkened on exposure to light,
staining the wound area which made it difficult to distinguish the healing tissue
from the necrotic tissue. Medical uses of some silver compounds are listed in

Table 1.1
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Compound Uses

Silver Nitrate Topical antimicrobial agent - burns, ulcers, prevention of eye
infection, bladder and urethra infection (1930s and 1960s).

Silver lactate Antiseptic for dusting wounds,
Silver picrate mixed with talc, boric acid and
Silver citrate kaolin. Used also for treatment of vaginal trichomoniasis and
candidiosis, (1970s).
Silver arylsulphonate Topically as cream for burns, ulcers and pressure: sores (1960s).

Silver protein complexes | As solutions, sprays, suppositories and cream for eye, nose and
throat infections, vaginal and rectal conditions (1970s).

Silver halide solutions Local antiseptic for skin and mucous membrane lesions (1960s).

Colloidal metallic silver | Topically for conjunctivitis, urethritis and vaginitis (1970s).

Table 1.1 Medical uses of silver compounds
1.2.2.2 Silver Sulphadiazine
The present day antiseptic uses of silver are largely restricted to topical
applications where silver compounds have proven their bactericidal nature in
vivo. Since 1968, silver sulphadiazine (Fox 1968) has been commonly used to
prevent infection and enhance the formation of a dry eschar in burn wounds.
This compound is applied as a topical cream and it was initially thought that this
would combine the oligodynamic action of silver with the additional
antibacterial properties of sulphadiazine. Sulphadiazine is a sulphonamide drug.
Such drugs are structural analogues of para-aminobenzoic acid (PABA) which is
required by the bacteria for the formation of folic acid and ultimately, purines.
The silver sulphadiazine complex was synthesised by substituting the silver ion
for the ionizable hydrogen of Sulphadiazine (Fox and Rose 1942).

Silver sulphadiazine (Figure 1.1) is a white powder with a solubility of <2pg/ml
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(Fox 1978). Silver sulphadiazine was found to significantly reduce the

incidence of infection when compared with other topical agents such as

mafenide acetate (Hummel et al. 1970, Snelling et al. 1978, Lowbury et al.

1971). In vitro studies showed that silver sulphadiazine was effective against
Pseudomonas aeruginosa,, Staphylococcus aureus and other microorganisms in
concentrations one twenty-fifth or less than those of sulphadiazine and mafenide
acetate (Fox et al. 1969).

Silver sulphadiazine was found to act against a broad range of organisms

including many bacteria, viruses, for example, herpes (Tockumaru et al. 1974),
fungi, for example, Candida albicans (Wlodkowski and Rosenkranz 1973), and
Protozoa for example Treponema pallidum (Chang et al. 1975b). Normally

most of these organisms had previously been found to be resistant to

sulphadiazine and other antimicrobial agents used in topical therapy. Silver
sulphadiazine was found to have many advantages over silver nitrate in that,

(a) it did not darken on exposure to light

(b) it enhanced eschar formation on application to burn wounds,

(c) it did not precipitate with any other anions from extracellular fluids, and thus
there was no depletion of sodium or chloride ions from the body and

(e) due to its low solubility, silver sulphadiazine maintained its bactericidal activity
for long periods of time. The bactericidal action of the silver sulphadiazine was
attributed to silver ions (Fox et al. 1969, Fox et al. 1977, Carr and Rosenkranz 1973,
Modak and Fox 1973, Fox and Modak 1974, Fox 1978, Rosenkranz and Carr 1972,

Rosenkranz and Rosenkranz 1972).



Figure 1.1 Structure of Silver Sulphadiazine
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Research on the long term effectiveness of 1% Silver sulphadiazine cream use in
burn wounds in 342 patients with 10-50% body surface wounds over a 5 year
period showed a great decrease in time taken for the healing of deep dermal
burns and the conversion rate of deep dermal burns to full thicknes’s toy be
significantly reduced (Sawhney et al.1989). The results also showed a totdl
change of predominant surface bacteria which was Staphylococcus aureus at the
beginning of the 5 year study to Pseudomonas species and Klebsiella species
towards the end of the study. Incidence of invasive infection and overall
mortality was found to be significantly reduced.

Although silver sulphadiazine was found to have undoubted benefits, it was
noted that once colonisation of the burn was established the silver sulphadiazine
performed less well thus leading to the drug being combined with other
antibacterial agents such as cerium nitrate (Monafo et al.1976). Silver
sulphadiazine has also been used in combination with a variety of antibiotics
over the last decade to test the effectiveness of the cream in various mixture
forms. For example on combination with quinolones, a group of antibiotics
comprising of norfloxacin, pefloxacin and enoxacin, the mixture appeared to
diminish the ability of Pseudomonas aeruginosa strains to form resistant
mutants in vivo on burned mice skin infected with either silver sulphadiazine
sensitive or resistant strains of Pseudomonas aeruginosa.

The combination of silver sulphadiazine with quinolones used as a topical agent
in burn wounds showed that lesser amounts of the drug were needed to control
infection (Modak et al.1988). The effectiveness of combination of silver
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sulphadiazine with Cyclosporin A was tested out on infected and normal skin
allografts in burned and unburned rats infected with Pseudomonas aeruginosa.
The animals treated topically with the drug combination were shown to survive
significantly longer (13.7 +/ 1.1 days) when compared to animals treated with
silver sulphadiazine alone, 8.4 +/ 1.0 days, (Lai ef al. 1987).

In more recent research, a commercial preparation of cerium nitrate and silver
sulphadiazine (Flammacerium, Duphar B.V. Holland) used on 20 surgically
inoperable patients was found to produce an adherent eschar. The eschar was
found to receive split skin grafts with improved efficacy with no episodes of
cellulitis and septicaemia (Ross ef a/.1993). Wound dressings impregnated with
a combination of silver sulphadiazine and poly- L-leucine was found to show
effective bacterial control on experimentally infected wound surfaces against
Pseudomonas aeruginosa on the dorsum of mice.

A study on the bactericidal effectiveness of silver sulphadiazine in combination
with deoxycyclin and amikacin on cultures of Pseudomonas aeruginosa and.
Staphylococcus aureus, showed an increased reduction in the number of CFU
(colony forming units) in these cells (Grzybowski et l.1996) Cytotoxicity to
human fibroblasts and human epidermal keratinocytes was examined on a
monolayer of cells formed in culture dishes. It was found that cytotoxicity of the
silver sulphadiazine medicated wound dressing was much lower than that of 1%
silver sulphadiazine cream alone (Kuroyanagi ef al. 1991).

In a randomised controlled clinical trial to determine the effectiveness of 1%
silver sulphadiazine cream applied twice daily to urethral meatus in preventing
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trans-urethral catheter-associated bacteriuria, it was found that the overall
incidence of bacteriuria was 11.4% in the treated group compared to that of
13.2% in the untreated group. It was also found that the application of silver
sulphadiazine cream on the urethral meatus did not prevent the development of
catheter associated bacteriuria in short- term catheterised patients (Huth et al.
1992).

Combinations of antibacterial preparations against test strains Pseudomonas
aeruginosa, Enterobacter cloacae and Staphylococcus aureus have shown an
enhanced antibacterial activity against these microorganisms. The combinations
tested included sulphonamides, (SD, sulphamerazine and silver sulphadiazine),
AgNO; and dibromopropamidine isethionate. It was also found that
subinhibitory concentrations of sulphonamide combinations were synergistic
against a wide variety of bacteria even when certain bacteria were found to be
resistant to either member of the combination (Richards ef al. 1991).

1.2.3 Effectiveness of Electrically Generated Silver Ions as an Antimicrobial
Agent.

Due to their small size, free silver ions on their release from the silver anode can
penetrate any structure that has an aqueous component even when the structure
is avascular. This penetration is attributed to diffusion and ionic migration along
a voltage gradient. Since silver combines readily with many proteins to form
relatively insoluble compounds, the ions must be present in some excess to exert
their full bactericidal effect and this is achieved in iontophoresis as there is a

continual release of silver ions from the anode with the necessary excess of ions
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in the tissue being assured. Electrically generated silver ions have shown tobe a
potent antibacterial agent with an exceptionally broad spectrum as indicated by
in vitro testing.

In a study of electrical stimulation of bone growth carried out by Becker and
Spadaro (1978), pure silver electrodes used as cathodes were implanted in bone
to produce the cellular stimulation causing no localised necrosis and electrically
generated silver ions were used as an adjunctive treatment in the management of
chronic osteomyelitis. Out of the fourteen patients treated using anodic constant
current for bacteriostasis of Staphylococcus aureus, Enterobacteriacaea,
Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella pneumoniae,
Streptococcus viridans, Enterococci species, Serratia liquifaciens and
Acinetobacter calcoaceticus ,healing of the wounds and bones was found to
occur in twelve patients. Although all patients were or had been on antibiotics at
some stage before their treatment involving the use of silver ions, on application
of silver iontophoresis there was found to be a rapid subsidence of the infection
thus enforcing a bactericidal effect on the infected wound. There was found also
the added beneficial effect of deposition of new bone produced during treatment
with the silver-nylon anode. There appeared no undesirable side effects due to
the silver treatment.

The antimicrobial effectiveness of silver-nylon fabric was also evaluated in a
series of in vitro experiments (Deitch et al. 1983), in which the silver-nylon
fabric was found to penetrate the agar and sterilise Pseudomonas aeruginosa,
Staphylococcus aureus and Candida albicans within the immediate surrounding
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area on the agar. The effectiveness of the silver-nylon was found to decrease
with the increase between the fabric and the microorganisms, although, levels of
silver ions released from the silver-nylon were found to inhibit growth of 10’
organisms per cm” of test material. Electrically generated silver ions from the
surface of silver-nylon, using currents of 1 to 2 pA/cm? have been reported in
treating orthopaedic infections (Becker and Spadaro 1978). The antibacterial
activities of electrically generated silver ions were compared with that of silver
sulphadiazine against 16 clinical isolates in a different study by Spadaro et al.
(1974 and 1986). The bactericidal concentration achieved with electrically
generated silver ions was found to be lower than the inhibitory concentration
determined for silver sulphadiazine. It was found that all organisms which were
Pseudomonas, Staphylococcus, Proteus, Streptococcus, Serratia, Providencia
species and Escherichia coli were inhibited at <1.25ug/m1 of silver and
sterilised at a level of bactericidal concentration achieved with electrically
generated silver ion 10.05ug/m1 of silver.

In studies carried out by Landeen et al. (1989) electrically generated Cu®* and
Ag'ions have been shown to reduce bacterial numbers of Legionella
pneumophilia. Electrolytically generated Cu®* and Ag* ions have also been found
to reduce numbers of coliform, pseudomonads and staphylococci in indoor and
outdoor water systems thus enabling a reduction in the concentration of free
chlorine ions while providing comparable sanitary quality of the water (Yahya et
al. 1990). Cu** and Ag" ions in combination with iodine have shown to be
effective in disinfection of bacteria in both recreational and potable water
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(Pyle et al. 1992).

Electrochemical Ag” solutions have been found to exhibit better contact
antimicrobial effectiveness against Escherichia coli, Pseudomonas aeruginosa,
Candida albicans and Aspergillus niger when compared to the antimicrobial
effectiveness exhibited on these microorganisms by silver nitrate solutions at
varying concentrations. This was shown in a research carried out by Simonetti er
al. (1992) who also showed that the effectiveness of silver appeared to be
reduced by the NO; ion in Candida albicans although exactly how the ion
influenced the microbiological activity was not known. The particular
characteristics of electrochemical Ag' such as the mode of action, effectiveness
at low concentrations and stability indicate that silver could be used effectively
in preservatives. Studies of the kinetics of silver ion release from a blend of
silver-nylon fibre and nylon fibre have shown the silver-nylon fibre (known as
X-static) to be an effective, sustained release source of the antibacterial agent.
Experimental results have been shown to indicate that the rate of killing of
Pseudomonas, Staphylococcus, Klebsiella, Streptococcus species and
Escherichia coli was found to be greater and the onset was found to be earlier
with an extract containing silver ions from the fibre than with a salt solution
containing the same concentration of silver ions from silver nitrate (McKeen et

al, 1987).
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1.2.4 Use of Ag, AgNO, and AgSD as Antibacterial Agents in/ on Catheters
and Metal Implants.

Silver in the form of silver sulphate has also been incorporated into
polymethylmethacrylate (PMM) bone cements implanted as rods into rabbit
tibiae. The rabbits which were inoculated with 4x10° Staphylococcus aureus
organisms showed that in the rabbit group implanted with PMM plus 1%
Ag,SO, the mortality rate was 22% in comparison with the group implanted
with PMM plus 1.5% gentamicin which had a mortality rate of 6%. The control
group which had no additives at all had a mortality rate of 61% by overall
comparison. (Dueland et al. 1982).

The effectiveness of the PMM composites with AgCl, Ag-AgCl, Ag,0, Ag,SO,
and Ag;PO, in concentrations of 0.05% and 1% by weight against bacterial
cultures of Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia
coli were all found to be effective Spadaro et al. (1979). The best results were
achieved by Ag,SO, which was found to exhibit its antibacterial effectiveness
even after 7 weeks of incubation in normal saline.

In studies carried out in vivo in dogs by Benevisty ef al. (1988) PTFE,
(polytetrafluoroethylene) prosthesis prepared by combining ''’Ag with oxacillin
or amikacin antibiotic complex was implanted in four canine abdominal aortas
and inoculated with Staphylococcus aureus. The Ag-amikacin and Ag-oxacillin
prosthesis had significantly less colonies than controls showing that the
prosthesis retained the bound antibiotic for a prolonged period and was

significantly effective in reducing graft infection.
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In other studies, of the 36 silver coated external fixation pins placed in the iliac
crest of sheep and infected with Staphylococcus aureus, 62% were found to be
infected and 84% of the 12 uncoated stainless steel pins were found to be
infected. The silver coated pins were also shown to have a reduced level of
glycocalyx protected colonisation on the surface of the silver coated pins
(Collinge et al. 1994). Silver-coated orthopaedic external fixation pins were also
found to reduce bacterial in adhesion of Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus in studies carried out by Wassall ez al.
(1997). Low contamination rates and reduced bacterial colonisation have been
noted in a large number of studies on silver coated polyurethane catheters. For
example, silver coated polyurethane central venous catheters have been found to
show a significant antimicrobial activity in microbial colonisation of the
catheter surfaces against test strains of Staphylococcus epidermidis, Escherichia
coli and Pseudomonas aeruginosa (Jansen et al. 1994). Gabriel et al (1995)
have also observed reduced adherence of clinical isolates of Escherichia coli,
Proteus mirabilis, Pseudomonas aeruginosa, Enterobacter faecalis and
Klebsiella pneumoniae to silver treated silicone or latex catheters in
comparison to untreated catheters.

In other in vitro studies, no growth or adherence of Pseudomonas aeruginosa
was noted on silver coated latex catheter when compared with bacterial growth
on non-coated surface of latex catheter (Liedberg and Lundberg 1989). In vivo
and in vitro studies of antibacterial activities of a silver iontophoretic catheter
(SIC), compared to that of an aseptic catheter coated with chlorhexidine and
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silver sulphadiazine have shown the SIC to have a broad spectrum in vitro
inhibitory activity against bacteria and Candida albicans. In vivo studies in a
rabbit model have shown the SIC to be more effective in preventing colonisation
with Staphylococcus aureus than the CH/Silver sulphadiazine coated catheter
(Raad et al. 1996).

Silver, silver oxide and silver chloride treated polypropylene surfaces have been
found to inhibit growth and prevent adherence in saline of Serratia marsecens,
Staphylococcus epidermidis, Pseudomonas aeruginosa and Candida albicans
(Ahearn er al. 1995). Silver oxide coated silicone urinary catheters have been
found to reduce the incidence of urinary tract infections (UTI) among female
patients not receiving antimicrobial agents (Johnson et a/. 1990). Coating of
polyurethane plastic surfaces with silver has been found to reduce the number of
adherent Escherichia coli by comparison to untreated controls in vitro (Leung
et al. 1992). These studies showed that a slow release of silver ions from the
surface coating prevented bacterial colonisation and thus a significant reduction
in adherent bacteria prompting clinical uses of silver coated stents preventing
stent blockages often caused by bacterial colonisation preventing recurrent
jaundice and cholangitis.

Discs of silver coated urinary catheter material and uncoated material on
exposure to a flow of artificial urine containing cells of Pseudomonas
aeruginosa showed a formation of adherent biofilm and of their
exopolysaccharide products on the uncoated catheter material and none on the
silver coated discs (Liedberg and Lundeberg 1989). Recent studies by Gatter et
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al. (1998) have shown the release of silver ions from a silver-coated catheter
surface to be of the first order kinetics with complete inhibition of growth of
Candida albicans and a reduction of bacterial colonisation. The antimicrobial
activity of silver, copper and silver-copper surface films has also been noted on
several types of catheter material against clinical isqlates of Staphylococcus
epidermidis and Staphylococcus aureus (McClean et al.1993). The bacterial
growth in this instance had been shown to be significantly lowered at 10 hours
on application onto the Ag-Cu surface coated catheter materials and eliminated
within 24 hours. It was also noted that on the uncoated or the silver only coated
surfaces, antibacterial activity was greatly reduced or significantly less
suggesting that multilayer metal combinations showed more effectiveness
towards antibacterial activity. Silver impregnated central venous catheters have
been successfully shown to prevent catheter associated infections in a paediatric
study carried out on 20 patients by Carbon et al. (1999).

Bambauer et al. (1995) have also found low contamination rates of bacteria and
reduced bacterial colonisation in silver surface treated large bore catheters used
for extracorporeal detoxification. A new silver coated polyurethane catheter
(Pellethane, Fresenius AG, Germany) has been found to reduce the incidence of
catheter-related infections in oncological patients as well as being

biocompatible (Goldschmidt ez al. 1995).
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Repeated exposure to silver salts or colloidal silver by inhalation or ingestion

exposed to light The discolouration is caused by deposits of silver containing
granules in and around hair follicles and in the sebaceous and the sweat glands.
The granules contain metallic silver which results from the reduction of ionic
silver by a photochemical reaction,; this leads to the discolouration of the
affected areas (Holzegal 1970).
Argyrosis of the respiratory tract, liver and the gastrointestinal tract has been
reported and it is thought that this may be associated with the clinical symptoms
of chronic brenchitis and abdominal discomfort (Fowler and Nordberg 1986). In
these case reports, however, no proper evaluation in relation to reference groups
was carried out, and thus it was impossible to say whether there was a true
causal relationship between exposure to silver and these symptoms. The dosage
required to induce argyrosis was found to be between 1g and 30g of soluble
silver salts and between 1g and 8g of silver was found to be required to induce
the condition in a long term inhalation exposure situation (Fowler and Nordberg
1986). According to Scott (1967) silver was found to be excluded by the blood-
rain barrier, although the eye was found to be most prone to exhibit
pigmentation due to prolonged use of silver medications, even when given

orally.
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Schropl (1968) found 68+8 mg/kg dry weight of silver in skin samples from
persons with argyrosis. Table 1.2 shows the concentration of silver in tissues
and biological fluids in normal people. In normal people, silver is present
naturally in kidneys, liver, spleen, lungs and skin in concentrations ranging from
0.001mg/kg wet or dry weight of relevant organ tissue to as high as 2.7 mg/kg
wet or dry weight of relevant organ tissue. Body fluids such as urine and faeces
also have been found to contain between 0.006mg/kg in urine to up to

0.11mg/kg in faeces.

Tissue weight mg/kg Reference
kidneys 0.4 Indraprasit et al. (1974)
liver 0.7 dry weight Indraprasit et al. (1974)
spleen 2.7 dry weight Indraprasit et al. (1974)
skin 0.035+0.015 dry weight Schropl er al. (1968)
liver 0.006 + 0.002 wet weight Hamilton er al. (1972)
kidney 0.001 +0.002 wet weight Hamilton et al. (1972)
lung 0.002 +0.001 wet weight Hamilton et al. (1972)
Body fluids weight mg/kg
urine 0.006 + 0.001 Tipton et al. (1966)
faeces 0.02+0.11 Tipton et al. (1966)

Table 1.2. Concentration of Silver in Tissues and Biological Fluids
in Normal People

However, it is considered that 10g of silver nitrate taken orally is a lethal dose
for man, although recovery from smaller doses has been reported (Cooper and
Jolly 1970). A dose of S0mg of Collargol, a form of silver salt, has been
reported to be lethal after intravenous injection for therapeutic purposes. Before
an orally administered dose can illicit systematic effects, the silver ions depress

the brain system causing hypertension due to stimulation of the central
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vasomotor system which results in bradycardia and central vagal stimulation
eventually causing death from respiratory depression (Gilmann ef al. 1980).
Autopsy findings in such cases have included pulmonary oedema, haemorrhage
and necrosis of the bone marrow, liver and kidney (Hill and Pillsbury 1939).
Intrauterine administration of approximately 25g of silver nitrate has been
reported to be rapidly fatal in human beings, In a long term study on a human
being who accidentally inhaled radioactive silver (chemical form unknown), it
was found that liver uptake was maximal 16 days after inhalation, suggesting
that silver compounds deposited in the alveoli were thought to slowly release
silver ions into the blood stream, although clearance and partial absorption of
silver compounds by the gastrointestinal tract was thought to be feasible and not
excluded (Fowler and Nordberg 1986).
The biological half-life of silver in the human lungs has been estimated to be 1
day, whilst that in the liver to be of 52 days. A half-life of 42 days in the liver of
a carcinoid patient injected intravenously with radioactive silver has also been
estimated (Fowler and Nordberg 1986). Results on a study carried out by
Rosenmann et al. (1987) on workers working with silver powder, have shown
that of the 27 workers, 96% were found to have raised silver concentrations in
the urine with an average of 11.3ug/1 and 92% were found to have a raised
mean level of 1.0ug/100ml of silver in their blood. Symptoms of respiratory
irritation and nose bleeds were reported in 30% of the workers. Deposition of
silver was detected in the cornea of the eye in 63% of the long term workers and
this was associated with a decrease in night vision.
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Also the urinary enzyme, N-acetyl-B-D-glucosaminidase (NAG) was found to

be significantly raised in nearly 15% of the workers and positively correlated
with blood levels. Estimated creatinine clearance was found to be lowered in
the group exposed to silver compared to the control group. NAG is a measure of
damage to the proximal tubule in the kidney whereas creatinine clearance is a
measure of the glomerular function. The rise of NAG above normal limits is
thought to be a possible indicator of progressive renal damage and has been
reported to decline to normal levels when individuals are treated for
hypertension. Results in this study were found to be indicative of a toxic effect
of silver on the kidney.

In a severely burned infant treated with cerium nitrate and silver sulphadiazine,
(Hirakawa 1983) a large amount of silver was detected in the liver and the
kidney, the quantity being about 1600 times more than that found in normal
liver as reported by Hamilton et al. (1972).

The silver ion from the silver sulphadiazine applied topically in patients with
thermal injuries was found to absorb across the burn wound and in patients with
60% burns, the mean peak silver excretion in the urine was found to be
1100pg/24hour (normal, <1pug/24hour). Silver levels in the serum were found to
be elevated in two-thirds of the patients by 2 weeks after the burn injury,
although this was not a significant result in comparison to the urine absorption
of the silver ion (Boosalis ef al. 1986).

In a patient fitted with a Christiansen total hip prosthesis, the fixing cement of
which was mixed with a silver containing compound, the prosthesis was found
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to become unstable and muscle strength in her left leg (the side of the body
which had the hip arthroplasty) and foot was found to decrease as a result.
Neurological investigation showed no activity in the left femoral and tibial
nerves and electromyography showed a total paralysis of the left quadriceps
(Vik et al. 1985). The prosthesis was removed at the end of the 5-year period
and the hip joint fluid was analysed and found to contain 954.1 nmole/1 of ionic
silver. The patient regained normal conducting velocity in the left tibial nerve
after about 8 weeks of the removal of the hip prosthesis, however the serum
silver levels was found to be 15 times higher than normal, indicating a long
excretion time of silver from the body. The serum silver concentration was
found to drop from 58.0 nmole/1 after the initial removal of the prosthesis to
15.0 nmole/1 one year later. Symptoms of neuropathy were gradually found to
disappear in the patient after the removal of the prosthesis indicating silver to
be the cause of reversible neuropathy.

Table 1.3 shows concentration of silver in faeces of patients with burn wounds
after treatment with compresses soaked in 0.5% silver nitrate, from a study

carried out by Gravens et al. (1969).

Patient’s Number Silver level mg/kg wet faeces

7
1.9
9.3
54*
1.3

Vi DWW N -

* silver nitrate contamination of faecal specimen
Table 1.3. Concentration of silver in faeces from patients treated with
0.5% silver nitrate (Gravens et al. 1969)
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1.3.Z Effects of Siiver in Higher Animais

About 90% of the dose of the radioactive silver saits administered by oral,
intravenous or intraperitoneal routes to mice, rats, monkeys and dogs was found
to be eliminated via the facces. Only 10% or less was found to absorb
intestinally. In dogs it was found that 17% of the silver absorbed was present in
the lungs in the form of spherical particles measuring 0.5um . Most of the silver
was found to accumulate in the liver, with the lower concentration found in the
lungs, kidneys, brain and muscle (Fuchner et al.1968).

In rats, a high initial concentration of silver in the liver was found to decrease
greatly within 10 days, whilst higher concentrations were found to be retained in
the spleen and the brain for longer time periods. Silver was also found to be
deposited in the eyes of these animals (Rungby 1986).

Small amounts of ionic silver injected in the blood stream of animals were
found to combine with plasma proteins and eliminated by biliary excretion
(Fowler and Nordberg 1986).

The primary toxic effects of silver appear to be exerted on the cardiovascular,
hepatic and haematopoietic systems. Cardiac enlargement and ventricular
hypertrophy have been reported in turkeys receiving a diet composed of 900mg
of silver per kg of food. In these birds the aorta wall was found to be deficient
in elastin, and a hyperchromic type of anaemia was also found to also develop
(Peterson and Jensen 1975). Hepatic necrosis and alteration in the ultrastructure
of lysozymes and mitochondria have been observed in livers of rats exposed to
silver. In addition to these deposits of silver granules, pathological changes in
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the kidney and renal tubules have been observed in rats exposed to 0.2% silver
nitrate in drinking water from between 10 weeks to 50 weeks (Fowler and
Nordberg 1986).
In a study used to investigate the effect of a chronic low level radiation field on
the uptake of silver by rat brain tissue it has been shown that the silver has been
excluded by the blood-brain barrier. Electron microscopic studies have shown
the deposition of silver in the areas not influenced by the blood-brain barrier and
no distinction was noted in the deposition of silver observed in irradiated and
nonirradiated control animals (Scott 1967). |
Silver, either as silver metal or silver chloride has been shown to exert toxic
effects on the smooth muscle of isolated cannulated hamster cheek pouch
arterioles causing vasoconstriction and then dilating back to control diameters.
On dilation, however, the arterioles were found to become refractory to
norepinephrine or potassium stimulation (Jackson and Duling 1983).
Silver has also been found to accumulate in hippocampus of the brain (Rungby
and Danscher 1983a and 1983b) and in a study carried out by Rungby er al.
(1987) it was shown that silver exerted its neurotoxic effects in the pyramidal
cells which were found to accumulate silver. The circulating silver proteins,
transferrin and globulins were found to affect postmitotic rather than dividing
neurons. Although mechanisms of silver toxicity are poorly understood, it has
been found that lipid peroxidation increases in silver-treated animals. Silver
ions in the form of silver nitrate were found to induce silver metallothionein in

rats and depress silver-induced peroxidation in rat liver (Shinogi and Maeizumi
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1993).

1.3.3 Effect of Silver Ions on Mammalian Cell Cultures

Silver nitrate has been shown to exert cytotoxic effects on cultures of human
fibroblasts causing 76% inhibition of cell growth after only 2 hours of
incubation in foetal calf serum (Hidalgo er al. 1998).

Silver and copper amalgam have been demonstrated to have a profound toxic
effect on monolayer cultures of human epithelial cells of NCTC 2544 (Leirskar
1974).

The effect of anodically generated silver ions on mouse bone marrow cell
population after 18 hours in culture was investigated by Berger ez al. (1976a).
In these studies the results were found to indicate no obvious detrimental effects
such as cell aggregation, lysis, pH changes or distortion in comparison with the
control cultures. A decrease in the promyelocyte population with an increase in
neutrophils and a decrease in the percentage of normoblasts of the erythrocytes
was observed.

1.4 Action of Silver on Microorganisms

Silver has a very broad spectrum of action and inhibits the growth of many
species of yeasts, fungi, protozoa and viruses.

1.4.1 Effect of Silver on Yeasts

Avakyan and Rabotnova (1966) found yeasts to be the least sensitive to the
action of heavy metals. A strain of Torul/itis was found to exhibit resistance to
ionic silver at a concentration of 6 mg/ml (Avakyan 1967). In another study
carried out by Pumpel and Schinner (1986) on silver tolerance from
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microorganisms isolated from a silver mine, yeasts were found to accumulate
0.46 mg/g dry weight of silver.

1.4.2 Effect of Silver on Protozoa

Orally administered silver sulphadiazine has been known to cure systematic
infections of Plasmodium berghei and Trypanosoma rhodesiense in mice,
(Wysor and Scovill 1982).

1.4.3 Effect of Silver on Fungi

At a concentration of 0.1 mg/ml of ionic silver, the growth of Candida utilitis
was found to be inhibited completely. The fungus Aspergillus niger was found
to have the greatest sensitivity to the silver ions with inhibition of growth
commencing at 0.02 mg/l and complete cessation at 0.5 mg/1 of ionic silver
(Golubovich 1974). In a study carried out by Pumpel and Schinner (1986) on
silver tolerance from microorganisms from a silver mine, fungal growth seemed
little affected by silver with some strains surviving at a concentration of 10mM
Ag’. The hyphomycetes were found to accumulate a mean of 6.7 mg/g dry
weight of silver and an isolated strain of an imperfect hyphomycete, of a Phoma
species was found to accumulate 20 mg/g dry weight of silver.

1.4.4 Effect of Silver on Viruses

Mahnel and Schmidt (1986) showed that silver compounds consisting of silver
only appeared to have a slight virucidal effect on caccinia viruses, moderate
effect on influenza and pseudoviruses but insignificant effect on Newcastle
disease virus. However a combined silver compound containing hydrogen
peroxide part besides silver, reduced the infectivity by 99.9% within one day.
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Silver sulphadiazine has been found to be effective in prevention of herpes
kerato conjunctivitis in rabbits (Chang and Weinstein 1975).

1.4.5 Effect of Silver on Algae

Fitzgerald (1967) carried out a study on the concentrations of silver products
required to prevent the growth of four species of algae. The algae tested were
the green alga, Chlorella pyrenoidosa, the common laboratory algae,
Chlorococcus and Phlormidium inundatum and a species of diatom of the genus
Gomphonema. The products tested were Product A which was a commercial
preparation containing 0.8% colloidal silver, and 1% solutions of silver nitrate
and silver sulphate. It was found that 0.1mg/1 or less of the compounds were
required to prevent the growth of Chlorella but 1mg/1 or more was required to
completely inhibit the growth of Chlorella. The Chlorella was sterilised by
1% silver nitrate and sulphate at a concentration of 10mg/l and 8mg/1
respectively. The blue-green alga Phormidium inundatum was found to be
sterilised by Product A and 1% silver nitrate at a concentration of 14mg/l and by
1% silver sulphate at 8mg/l. The inorganic salts of the silver were found to be
comparatively toxic to the silver-based Product A towards the algae.

1.4.6 Effect of Silver on Bacteria

It has been shown that silver has a bactericidal activity at a concentration of
0.0001%. Even so, resistance to silver at relatively high concentrations has been
demonstrated in bacteria from the soil and from silver mines. A community of
bacteria isolated from soil by chemostat enrichment consisted of Pseudomonas
maltophilia, Staphylococcus aureus and Coryneform organisms was found to
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have a tolerance to silver of up to 100mM (Charley and Bull 1979). Pooley
(1982) noted that silver was precipitated in the form of small granules of silver
sulphide on the cell envelope of Thiobacillus thiooxidans when the bacteria
were treated with a sulphide mineral containing trace quantities of silver.
Strains of Serratia, Pseudomonas, Azotobacter and Escherichia coli have been
found to be resistant to at least 6 mg/ml of ionic silver (Sadurska et al. 1966).
Mycobacteria have been found to be the most sensitive to silver, with growth
completely absent at 0.01 mg/ml of ionic silver (Golubovich 1974). Some
strains of Pseudomonas aeruginosa have been found to be sensitive to ionic
silver at a concentration of 0.15 mg/ml. Richards (1981) observed that when
cultures of Pseudomonas aeruginosa were exposed to 3..g/ml of AgNO; in
nutrient broth for 24 hours, cell division and subsequent separation appeared to
be arrested. Silver ions are known to inhibit transport of succinate into
membrane vesicles of Escherichia coli (Rayman et al. 1972).

Slawson et al. (1994) observed both silver sensitive and silver resistant cells of
Pseudomonas stutzeri to accumulate silver with the resistant cells accumulating
4 fold higher concentration of silver than their sensitive counter parts. The
mechanism of the silver resistance is yet unknown in this species of
Pseudomonas.

Over the last twenty years, silver resistance has been demonstrated in a number
of clinically isolated bacteria. Transfer of silver resistance from Salmonella
typhimurium isolated from a patient whose burn wounds were treated with 0.5%
AgNO, to Escherichia coli has been reported by McHugh et al. (1975). A recent
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study by Gupta et al. (1999) has shown silver resistance in a plasmid isolated

from this Salmonelia species to be mediated at the molecular level.
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1.5 Aim of this study

The aim of this study is to understand the mechanisms by which resistance to
silver is conferred in Pseudomonas aeruginosa. It is hoped that the mechanisms
of resistance to silver may be elucidated by inducing resistance in vitro, and
studying the growth patterns, physiology and changes in cell morphology. At the
same time it is also hoped that the level of bactericidal action of silver on the

silver sensitive cells of the species may also be elucidated in this study.
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2.4.13.1 Determination of Accurate Measurement of Ag’ pg/ml and
Total Ag content pg/ml in Freshly Made Up Silver Nitrate
Solutions and in Nutrient Broth.
2.4.13.2 Determination of Total Silver Content (ug/mg ) in SAM,
CLED and Nutrient Agar Plates.
2.5 Results

2.5.1 Isolation of Ag-r Pseudomonas aeruginosa

2.5.1.1 Serial Transfer Method for Developing Silver Resistant

2.5.2 Morphology and Gram staining

2.5.3 MICs to Gentamicin and Silver Nitrate

2.5.4 Biochemical tests for Identification of Strain Ps231 as

Pseudomonas aeruginosa

2.5.5 Sensitivity to Silver Discs and Silver Coated Catheters in the
Wild Type Pseudomonas aeruginosa and Control Strains of
Staphylococcus aureus and NCTC 10662 Pseudomonas aeruginosa.

2.5.6 Resistance to Silver Nitrate in Ag-r, Ps231 and NCTC 10662
strains of Pseudomonas aeruginosa.

2.5.7 Changes in Zone Dimensions to Silver Metal Discs

2.5.8 Analysis of Ag” and total Ag pg/ml in Freshly Made Up AgNO,
in Double Distilled Water, Nutrient Broth, Nutrient Agar, SAM
and CLED plates.

2.6 Discussion
The Wild Type Pseudomonas aeruginosa strain is referred to as either the

Ag-sensitive strain or Pseudomonas aeruginosa parent strain Ps231 prior

to being cultured in presence of silver ions.
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Chapter 2

General Experimental Techniques and Generation
of Silver Resistant Strain of Pseudomonas aeruginosa

2.1 Introduction

Described in this chapter are general experimental methods used throughout
some of the chapters in this thesis as well as the generation and isolation of the
silver resistant strain of Pseudomonas aeruginosa.

2.2 The Principles and Application of Atomic Absorption
Spectrophotometer (AAS).

The basic principle of AAS is that metals in the ground state will absorb
radiation from a light beam with the same spectral composition as the light
emitted by the element under consideration. Silver atoms thus absorb radiation
from light emitted by a silver lamp. The silver atoms in the liquid sample
produce ground state atoms due to molecular dissociation in the flame
producing radiation of a characteristic wavelength absorbing some of this
radiant energy causing a decrease in intensity which when compared to a blank
corresponds to the concentration of the metal. It is this absorption of the
radiation by the atomic vapour which is measured. The flame method and the
furnace method are the two main methods for atomisation of a sample. Flame
methods are generally used for liquid samples which can be aspirated directly
into the flame. The graphite tube furnace method is the most common furnace

method with the advantage of needing only 1-100ul of sample to be applied.
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2.3 The Principles of Gram staining

The procedure involves the application of a basic purple dye, usually gentian or
crystal violet which stains all bacteria able to absorb this dye. A dilute solution
of iodine is then added, which serves to decrease the solubility of the purple dye
within the cell by combining with the dye to form a dye-iodine complex. An
organic solvent such as ethanol which readily removes the purple dye-1odine
complex from some species but not others is added next. A red stain such as
safranin is then applied. Those bacteria which are decolourised by the ethanol
appear red or Gram negative. Those that retain the purple dye will appear
purple or Gram positive. This difference in staining is due to the difference in
the composition of the cell walls between the Gram positive and Gram negative
cells.

2.4 Materials and Methods

2.4.1 Culture medium: Standard Agar Medium (SAM), Nutrient Agar (NA)
and CLED (cystine lactose electrolyte deficient) medium

The following agar medium was used for cultures of bacteria and labelled as

Standard Agar Medium (SAM).
Constituents gl
bacteriological peptone 5
purified agar 13
NaCl 5

Table 2.1 Constituents of Standard Agar Medium

The medium constituents were dissolved in doubled distilled water and
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autoclaved at 15 psi for 20 minutes. The pH was adjusted to 7.0 before
autoclaving using concentrated NaOH. CLED powder (Lab M )was used at a
concentration of 36g/1 and nutrient agar (Lab M) was used at a concentration of
28¢/1 in distilled water. The powders were dissolved and autoclaved at 15 psi for
20 minutes. All the plates were poured aseptically in 15 ml quantities into Petri
dishes and the silver nitrate solution was added to these plates in the appropriate
dilutions. The plates were kept in the dark at 4°C until used. (See Appendices
A1l and A2 for NA and CLED constituents).

2.4.2 Diagnostic Sensitivity Test Agar (DSTA)

DSTA plates were purchased from Lab M and stored at 4°C until further use in
conjunction with MAST(company which manufactures these antibiotic
impregnated rings) rings for minimum inhibitory concentrations (MICs) to
antibiotics.

2.4.3 Nutrient broth (NB)

Nutrient broth (Lab M) was used at a concentration of 25g/1 in distilled water
and autoclaved at 15 psi for 20 minutes. (See Appendix A3 for NB constituents).
2.4.4 Ringers Solution

Ringers tablets (Lab M) were used for making Ringers solution. A quarter
strength solution was used for making bacterial dilutions for cell count
experiments. This solution was made by dissolving 4 tablets in a litre of

distilled water and autoclaved at 15 psi for 15 minutes prior to use.
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2.4.5 Bacteriological culture techniques
2.4.6 Liquid Cultures

Silver resistant strains of bacteria were maintained in nutrient broth cultures at
37°C in a shaking water bath. Pyrex conical flasks were filled with the medium
to 20% of their volume to ensure adequate aeration. The filled flasks were
sterilised in an autoclave for 1 hour at 15 psi. The use of the autoclave allowed
sterilisation of both the media and the flasks in large quantities which were then
used as required. For experimental purposes cultures were harvested by
centrifugation at 10,000 x g for 20 mins at 4°C.

2.4.7 Determination of cell mass and numbers

2.4.7.1 Viable cell count

Viable cell counts were carried out as follows: 100ul of overnight culture was
used asinoculum and diluted to 25 ml in sterile nutrient broth consisting of
varying concentrations of silver in the form of silver nitrate. The cells were
incubated at 37°C in a shaking water bath and diluted at regular intervals. After
each dilution, 5 samples of 20ul quantities were pipetted onto agar plates which
were then incubated overnight at 37°C. Plates showing between 15 to 20
colonies per drop were selected and an average number of the viable cells was
calculated to give the original number of colonies per ml in the neat culture.
Each viable cell in the dilution forms a colony after incubation. The number of
viable cells originally present is deduced from the number of colonies and the

dilution.
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2.4.7.2 Wet and Dry weight of the cells

The cultures were harvested by centrifugation at 10,000 x g for 20 mins, at 4°C
to obtain a firm pellet. The centrifuge tube was dried on the inside and the total
weight determined in grams or milligrams. Dry weights were determined by
putting the wet cell pellet on a pre-dried and weighed 0.45um pore size filter
and oven dried to a constant weight at 110°C.

2.4.8 Batch cultures of bacteria in nutrient broth with silver nitrate.

Batch cultures were set up in 100 ml flasks. Each flask had 25 ml of nutrient
broth containing silver nitrate solution of a known concentration, such that the
final concentration of silver ranged from 0.2pug/ml to 1000ug/ml. Each flask
was inoculated with 100l of fresh overnight culture of the bacteria. The
cultures were incubated in a shaking water bath at 37°C. Five samples were
removed at timed intervals for cell counts and diluted serially for viable cell
counts as described in section 2.4.1.1.

2.4.9 Bacterial strains

The wild type gentamicin resistant strain was isolated from a mid-stream urine
sample from a patient in the Spinal Injuries Unit at the Royal National
Orthopaedics Hospital, Stanmore, Middlesex. Pseudomonas aeruginosa, NCTC
10662 and PA025 were obtained from the Central Public Health Laboratories,
Colindale. Pseudomonas stutzeri, AG259 was kindly supplied by C.Haefeli
(Switzerland). All other strains were clinical isolates supplied by the Routine
Microbiology Laboratory at The Institute of Orthopaedics, Royal National

Orthopaedics Hospital, Stanmore, Middlesex.
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2.4.9.1 Isolation of Silver Resistant Bacteria

The wild type gentamicin resistant Pseudomonas aeruginosa was grown
overnight in nutrient broth at 37°C and diluted to 2x10°cells/ml and SAM plates
were swabbed using this inoculum. Controls strains employed were
Staphlycoccus aureus(Psaras) and NCTC 10662 Pseudomonas aeruginosa.
Silver coated catheters (JMH 060 Batch 23, supplied by Johnson Matthey
Research, Sonning Common) were dissected into 2mm wide rings and these
rings were placed aseptically in a group of 4 onto the SAM plates swabbed with
the bacteria. As a control, silver metal discs were 'activated’ in 50% (v/v)
hydrogen peroxide, (hydrogen peroxide acts by oxidising the silver from its
atomic state to an ionic state by donating an electron to the silver and converting
it to the oxidised form, Ag") washed in distilled water and placed aseptically on
SAM plates. The plates were incubated overnight at 37°C and the zone
dimensions were recorded by measuring the clear area surrounding the test disc
on each plate. This experiment was repeated five times so a sample size of 20
was obtained and the standard deviation (SD) and standard error of mean (SEM)
was calculated.

2.4.9.2 Serial Transfer Method for Developing Silver Resistance in
Pseudomonas aeruginosa

The wild type gentamicin resistant strain was serially subcultured in the
presence of varying numbers of silver metal discs in nutrient broth at 37°C for
48 hours. An inoculum of 2x10°cells/ml from the most turbid culture containing

the highest number of silver metal discs was then subcultured in the presence of
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varying concentrations of silver nitrate in nutrient broth. With each subculture,
the concentration of silver nitrate was increased. This procedure was employed

until a viable silver resistant strain was developed from the wild type gentamicin

resistant Pseudomonas aeruginosa.

A flow chart illustrating this method of developing silver resistance is shown in

Figure 2.1

Wild type Pseudomonas aeruginosa exhibiting reduced zone of
inhibition to silver coated catheter
§
Subcultured in presence of 3, 4, 5, 6 or 7 Ag metal
discs in nutrient broth at 37°C for 48 hours
!
3x10°cells/ml from culture with 6 Ag metal discs subcultured in
presence of 0.2, 1.25, 2.5, 5.0ug/ml silver nitrate
l
Inoculum from culture at 5.0 ng/ml silver nitrate subcultured in
presence of 10, 20, 50, 100 pg/ml silver nitrate
!
Inoculum from culture at 100 pg/ml silver nitrate subcultured in
presence of 100, 500, 1000 pg/ml silver nitrate
l
Strain regularly subcultured until growth on
SAM plates achieved at 1000 pg/ml silver nitrate
4
Silver resistant strain selected out from a wild
type gentamicin resistant Pseudomonas aeruginosa

Figure 2.1 Flow Chart Illustrating Serial Transfer Method for Developing

Silver Resistance
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2.4.10 Morphology on Agar Plates and Gram Staining of Cells

The silver sensitive Ps231 and Ag-r strains of Pseudomonas aeruginosa were
cultured on SAM plates and CLED medium plates at 37°C in the dark overnight.
The colony sizes were examined on all plates incubated and compared with
colony morphology of the cultures cultured on SAM plates containing 100pug/ml
Ag. The cells were Gram stained as follows and examined under a light
miCroscope.

A loopful of diluted culture of the Pseudomonas aeruginosa was smeared onto a
glass slide and gently heat-fixed. It was stained with crystal violet for 1 minute
and rinsed with iodine. Fresh iodine was added to the slide and left for a few
seconds. The slide was rinsed in distilled water and decolourised using 1:1
solution of acetone/ ethanol for a few seconds. The cells were stained with
safranin for a few seconds and rinsed with distilled water and blotted dry for
viewing under a light microscope.

2.4.11.1 Minimum Inhibition Concentration (MIC) to Gentamicin and
Biochemical tests for identification as Pseudomonas aeruginosa

The MIC to gentamicin was carried out using the tube dilution method. An
overnight culture of all test strains was diluted to 2x10%ells/ml and 0.02 ml of
this inoculum was pipetted into test tubes containing between 2 to 40 pg/ml of
gentamicin in nutrient broth. The strains tested were wild type Pseudomonas
aeruginosa, NCTC 10662, Pseudomonas aeruginosa and Staphylococcus aureus
(Oxford). The tubes were incubated overnight at 37°C, and examined for

growth. The MIC was recorded as the lowest concentration of antibiotic
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preventing bacterial growth. The wild type strain of Pseudomonas aeruginosa
was phage typed and serotyped at the Colindale Public Health Laboratory,
Colindale, (CPHLS) North London, by Dr T Pitt. Biochemical tests were carried
out at the CPHLS for identification of the Ps231 strain.

2.4.11.2 Resistance and MICs to Silver nitrate

The resistance to silver nitrate was determined for the wild type Pseudomonas
aeruginosa, Ag-r and NCTC 10662 strains. The wild type culture was
designated as the parent or Ps231 strain. The experimentally derived silver
resistant Pseudomonas aeruginosa was designated ‘Ag-r’strain. Overnight
cultures of the strains were diluted to 2x10°cells/ml and SAM plates were
swabbed evenly with each strain. Four sterile filter paper discs were placed
aseptically onto each plate and 10ul of silver nitrate solution ranging from
0.3mM to 100mM was dropped onto each disc using a finpipette. The plates
were incubated overnight at 37°C and the zone of inhibition was recorded. This
experiment was repeated five times so a sample size of 20 was obtained and the
standard deviation was calculated.

The tube dilution method was used to determine the MICs to silver nitrate. An
overnight culture of the test strains was used to dilute to 2 x 10* cells/ml and
0.02 ml of the culture was pipetted into the test tubes containing silver nitrate
solution in nutrient broth starting at a concentration of 100mM. The tubes were
incubated in dark and MICs were recorded as the lowest concentration

preventing microbial growth.
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2.4.12 Changes in Zone Dimensions to Silver Metal Discs

Changes in zone dimensions to the silver metal discs were recorded for the test
strain before, during and after subculturing in the presence of silver nitrate. The
NCTC 10662 Pseudomonas aeruginosa was employed as a control. The method
used is described in section 2.4.11.2. The plates were incubated at 37°C
overnight and the zone dimensions were recorded. This experiment was
repeated five times so a sample size of 20 was obtained and the standard
deviation was calculated.

2.4.13.1 Determination of accurate measurement of Ag* pg/ml and total Ag
content pg/ml in freshly made up silver nitrate solutions and in nutrient
broth.

Silver is known to form highly insoluble halides and the insolubility of the
chloride and sulphides are believed to be responsible for the low toxicity of
silver. The solubility of AgCl is approximately 1 pg/ml of H,0. Throughout
my study, a freshly made up solution of AgNO; of 8000ppm of silver was used
to make up the appropriate dilutions in the bacterial growth medium. Analysis
of these solutions both freshly made up and dilutions in nutrient broth, in SAM
and nutrient agar plates for the Ag*and total Ag content was carried out with the
use of an Atomic Absorption Spectrophotometer at Johnson Matthey Analytical

Laboratories in Sonning Common, Reading.
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2.4.13.2 Determination of total silver content (ng/mg ) in SAM, CLED and
nutrient agar plates.

The total silver content was measured in the solid growth medium as follows: 1
mg squares of the above agars consisting of varying concentrations of silver
nitrate (ppm) were cut and mashed. Two millilitres of 2:1 mixture of
concentrated sulphuric acid and nitric acid was added to the slurry and heated at
80°C for 30 minutes. This mixture was diluted to a 5% acid solution before
analysis of silver using atomic absorption spectrometry on a Varian Spectra AA
300- 400 P. (Hg-lamp 328.1nm; acetylene- air mixture, 13.5/3.85 I/min flow).
2.5 Results

2.5.1 Isolation of Ag-r Pseudomonas aeruginosa

2.5.1.1 Serial Transfer Method for Developing Silver Resistance

On exposing the cells to the silver metal discs, a very slight growth was
observed initially; on continual transfer to higher concentrations of silver nitrate,
fairly turbid growth was observed. A production of 'slime-type’ substance by the
bacteria was also observed in cultures grown in silver.

2.5.2 Morphology and Gram staining

The wild type Pseudomonas aeruginosa cells were rod shaped bacilli
approximately 1.5 to 3.0um in length with parallel sides and rounded edges
arranged singly or in short chains. These cells were Gram negative on staining
(Figure 2.2).

The silver resistant cells were fairly distorted in shape, appeared rounder and

were generally smaller in length ranging between 1-2um long. Due to dark
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pigmentation caused by the silver nitrate, the results for the Gram staining were
not reliable (Figure 2.3).

Colony sizes of the wild type Pseudomonas aeruginosa were 1-2 mm in
diameter, convex with irregular edges and smooth fluorescent blue green surface
when subcultured both on SAM plates and CLED medium plates (Figure 2.4).
On SAM plates consisting of 10ug/ml total silver the colony sizes were 2 mm in
diameter, appeared less fluorescent, slightly browner with a lower flatter surface
and smooth round edges. On CLED plates which consisted of 1000ug/ml total
silver, the colonies were pin head sized, 1 mm in diameter, deeply pigmented
dark brown to black and flat with smoother circular edges (Figures 2.5 and 2.6).
2.5.3 MICs to gentamicin and silver nitrate

The MIC to gentamicin for the wild type Pseudomonas aeruginosa, Ps231 strain
and the Ag-r Pseudomonas aeruginosa was between 10 to 16ug/ml, for the
NCTC 10662 strain it was 2pg/ml and for Staphylococcus aureus (Oxford) it
was 2pg/ml. The standard MIC for NCTC 10662 is 1ug/ml and for
Staphylococcus aureus (Oxford) it was 0.3ug/ml. The wild type Pseudomonas
aeruginosa was of serotype 0;11 and phage type 1214.

The MIC to silver nitrate for the Ag-r Pseudomonas aeruginosa was 40pug/ml

and for the Ps231 strain of Pseudomonas aeruginosa it was < 2.5 pg/ml.
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Chapter 2

2.5.4 Biochemical tests for identification of strain Ps231 as Pseudomonas
aeruginosa

Motility RT +
Growth RT +
Production of green pigment +

Catalase production +

Oxidase +

H & L OX10 +

Nitrate reduction +

Glucose ASS*+  Mamitoc ASS + Xylose ASS +
Adonitol ASS - Salicin ASS - Ethanol ASS +
Maltose ASS - Trehalose ASS - Fructose ASS +
Growth On:

Tween 20 lipolysis + Tween 80 lipolysis + Tyrosine hydrolysis +

Nitrite reduction + Cetrimide + 4% NaCl growth +
PHBA growth + Growth 42 + PHBA inclusion +
Simmons citrate + ONPG -

Christensen’s citrate

(alkaline production) + Arginine dihydrolase +
Urease production + Lysine decarboxylase -
Gelatine hydrolase stab + Ornithine decarboxylase -

Gelatine hydrolase agar plate + PWS glucose -

KCN tolerance + Glucose GAS -

H,S production - Casein digestion +

+ has property, or utilises substrate

- does not have property, or utilise substrate

*ASS - ammonium salt sugars. On the basis of the 40 above tests, the computer
identification of the strain was designated as Ps. aeruginosa.

Table 2.2 Biochemical tests for identification of strain Ps231 as Pseudomonas

aeruginosa

For details of the above tests refer to the manual of media and methods used for the identification of Gram Negative
Bacteria, NCTC Lab., Colindale
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2.5.5 Sensitivity to silver discs and silver coated catheters in the wild type

Pseudomonas aeruginosa and control strains of Staphylococcus aureus

and NCTC 10662 Pseudomonas aeruginosa other strains

Strain zone sizes mean zone SD SEM zone sizes mean SD SEM
type (mm) to Ag (mm) {(mm) to zone
discs Ag- (mm)
coated
catheters
Ps.aerug. 83x15; 827 0.12 0.02 32x 14, 32 0.61 0.13
wild type 8x3; 31.5x5;
strain 85x2 345
NCTC 16x 5; 16.37 0.21 0.04 Sensitive — —_ -
10662 16.5x 15
S.aureus 16.7; 16.8; 16 03 0.06 Sensitive — — -
16x15;
155x3

Table 2.3 Sensitivity to silver discs and silver coated catheters in the wild

type Pseudomonas aeruginosa and control strains of Staphylococcus aureus

and NCTC 10662 Pseudomonas aeruginosa.
Table 2.3 shows the results obtained on the initial subculturing of the wild type
Pseudomonas aeruginosa in SAM plates in the presence of both silver metal
discs and silver coated catheters. The control strains were both sterilised by the
silver coated catheter. By comparison, the wild type Pseudomonas aeruginosa
showed reduced zones of inhibition to both the discs and the catheter. From the
standard deviation (SD) and the standard error of the mean (SEM), the true
mean of the population was found to lie within the 'sample mean +2 standard
errors, ie at the 95% level of confidence, in a normal distribution, 19 times out
of 20, the true population mean for Staphylococcus aureus zone size to silver
metal discs will lie between 16 + 2 x 0.06=16.12 and 15.88mm. Also for NCTC
10662 Pseudomonas aeruginosa, the zone size to silver metal discs will lie

between 16.32 + 2 x 0.04=16.4 and 16.24mm. For Pseudomonas aeruginosa,
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zone sizes to silver metal discs and silver coated catheters will lie between

8.27+2x0.02 =8.31 and 8.23mm and 32 +£ 2 x 0.13 =32.26 and 31.74mm

respectively, reflecting in accuracy and repeatability of the experimental results.

2.5.6 Resistance to silver nitrate in Ag-r, Ps231 and NCTC 10662 strains of

Pseudomonas aeruginosa
[AgNO;] mM Ag-r Ps. aeruginosa mean zone (mm) SD SEM
zone sizes (mm)
03 Resistant — - -
0.6 Resistant — - -
1.25 Resistant — — -
25 Resistant — - -
5 Resistant — — -
10 6.5x10; 7x5; 6x5 6.5 0.36 0.08
20 8.5x10; 8xS; 9x5 8.5 0.36 0.08
40 10x14; 9.5x5; 12.5 10 0.62 0.14
80 12.5x16; 112x3; 14 12.5 0.39 0.08
100 12.5x12; 13x2; 12.5 0.19 0.04
12.3x6
[AgNO,] mM Ps231 Ps.aeruginosa mean zone (mm) SD SEM
zone sizes (mm)
0.3 16.5x10; 16x6; 17x3; 16.5 0.48 0.1
18
0.6 16.5x15; 16x5 16.5 0.22 0.04
125 18.5x8; 19x10, 20, 22 19 0.79 0.17
25 18x10; 18.5x2; 18 0.26 0.05
17.5x3; 18.1x5
5 18.5x10; 18x5; 19x5 18.5 0.36 0.08
10 22x12; 22.5x3; 22 0.25 0.05
21.7x5
20 22x10; 22.5x5; 22 0.36 0.08
21.5x5
40 22x14; 22.5x3; 22 0.28 0.06
21.5x3
80 24x12; 24.5x4; 24 0.32 0.07
23.5x4
100 26x9; 26.5x4; 26 0.35 0.07
255.5x5; 26.3x2

Table 2.4 Resistance to silver nitrate in Ag-r, Ps231 and NCTC 10662 strains of

Pseudomonas aeruginosa. continued on next page....
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Table 2.4 continued. .........
NCTC 10662 Ps aeruginosa strain
[AgNO;] mM NCTC 10662 mean zone (nm) SD SEM
Pseudomonas
aeruginosa zone sizes
(mm)
0.3 16.5x15; 16x4; 18.5 16.5 0.51 0.11
0.6 16.5x10; 16x5; 17x5 16.6 0.36 0.08
1.25 19.5x15; 19x3; 20.5; 195 0.32 0.07
20
25 19.5x10; 19x5; 20x5 19.5 0.36 0.08
5 20x5; 20.5x10; 24x5 213 1.64 0.36
10 22x10; 21.5x5; 22 0.36 0.08
22.5x%5
20 22.5x15; 22x4; 24.5 225 0.51 0.11
40 24x10; 24.5x5; 24 0.36 0.08
23.5x5
80 25.5x5; 26.5x5; 26 0.36 0.08
26x10
100 26.5x10; 26x5; 27x5 26.5 0.36 0.08

Table 2.4 Resistance to silver nitrate in Ag-r, Ps231 and NCTC
10662 strains of Pseudomonas aeruginosa.

Table 2.4 shows the MICs to silver nitrate for the Ps231, Ag-r and the NCTC

10662 Pseudomonas aeruginosa. Both the Ps231 and NCTC 10662

Pseudomonas aeruginosa exhibited a mean zone of inhibition of 16.5mmto a

concentration of 0.3mM of silver nitrate; both strains were sensitive to silver

nitrate with a maximum zones of inhibition of 26 and 26.5mm at 100mM of

silver nitrate, respectively. The Ag-r strain was completely resistant to silver

nitrate up to the concentration of SmM, and displayed half the zone of inhibition

to 100mM in comparison to the Ps231 and NCTC 10662 Pseudomonas

aeruginosa. From the standard deviation and the standard error of the mean, the

true mean of the population was found to lie within the 'sample mean +2
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standard errors, ie at the 95% level of confidence in a normal distribution, 19
times out of 20, the true population mean for Ag-r Pseudomonas aeruginosa
zone sizes to 10mM AgNO; will lie between 6.5 +2 x 0.08 =~ 6.66 and 6.34mm;
zone sizes to 20mM AgNO; will lie between 8.5+ 2 x 0.08 = 8.66 and 8.34mm,;
zone sizes to 40mM AgNO, will lie between 10 +2 x 0.14 ~10.28 and
9.25mm;zone sizes to 80.mM AgNO, will lie between 12.5 +2 x 0.08 = 12.66
and 12.34mm; zone sizes to 100mM AgNO, will lie between 12.5 £2 x 0.04=
12.58 and 12.42mm. It can therefore be seen from the above results that the
experimental results are repeatable and reliable at the 95% confidence level.
For Ps231 and NCTC 10662 Pseudomonas aeruginosa strains, once again the
results were observed to be repeatable and reliable on calculating the standard
deviation and the standard error of mean of the zones of inhibition, where the
true mean of the population was found to lie within 'sample mean +2 standard
errors at the 95% confidence level.

2.5.7 Changes to zone dimensions to silver metal discs

Stages of subculture z0ne sizes (mm) mean zone SD SEM
(mm)
Wild type Pseudomonas 32x12;32.5 x4, 32 0.324 0.073
aeruginosa BEFORE 31.5x4
subculturing in AgNO3
Wild type Pseudomonas 28x15; 28.5x5; 28.1 0.222 0.049
aeruginosa in process of
becoming silver resistant in
early stages
Wild type Pseudomonas 19 x10; 18.5 x5; 19 0.362 0.081
aeruginosa in process of 19.5%5
becoming silver resistant in
later stages
Wild type Pseudomonas Resistant — — -
aeruginosa totally resistant to
silver after serial subculturing

Table 2.5 Changes in Zone Dimensions to Silver Metal Discs
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This particular experiment was carried out to test for changes in zone
dimensions to silver metal discs by the wild type Pseudomonas aeruginosa
before, during and after subculturing in the presence of silver nitrate. Table 2.5
shows the difference in zone dimensions to silver metal discs by the wild type
bacterial strain. The strain increased its resistance to silver very gradually,
exhibiting almost half the zone size during later stages of subculturing and zero
zone size on becoming 'totally resistant’ at 1000pug/ml of silver in nutrient broth
(Figures 2.7 to 2.10).

2.5.8.1 Analysis of Ag’ ions in Freshly made up silver nitrate solution in
Double Distilled Water, Nutrient broth, Nutrient agar, SAM and CLED

media.

[AgNO;,] ppm Ag "pg/ml Total Ag pg/ml

8000 5250 4880
2000 1050 1070

800 420 360

200 75 79

100 52 51

20 0.24 22

10 0.15 0.5

5 0.13 1.6

Table 2.6 Analysis of Ag® and total Ag pg/ml in freshly made
AgNO, in double distilled water.
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Chapter 2

Nutrient broth (NB) Ag "pg/ml Total Ag pg/mi

NB control (no Ag) <0.01 0.05
NB + 1000ppm Ag <0.01 780
NB + 400ppm <0.01 295
NB + 100ppm <0.01 77
NB + 50ppm <0.01 34
NB + 10ppm <0.01 6.5
NB + 5ppm <0.01 0.5

NB + 2.5ppm <0.01 28

Table 2.7 Analysis of Ag” and total [Ag] pg/ml in nutrient broth

[AgNO;} ppm Qf Total Ag QF Txtal Ag* Total
SAM agar plates Nutrient agar CLED agar
plates plates
1000 <0.01 560 <0.01 525 <0.01 530
400 <0.01 218 <0.01 200 <0.01 210
100 <0.01 52 <0.01 37 <0.01 34
50 <0.01 22 <0.01 20 <0.01 20
10 <0.01 8.5 <0.01 0.19 <0.01 5
5 <0.01 07 <0.01 0.07 <0.01 04
25 <0.01 4 <0.01 0.05 <0.01 0.05
Control (no <0.08 0.03 <0.05 0.03 <0.01 0.03
added Ag)
Table 2.8 Analysis of Ag*and total [Ag] ug/mg in nutrient
agar, SAM and CLED plates.

It was observed that the concentration of silver ions in the form of silver nitrate
were reduced to almost half the initial amount on addition to both liquid and
solid growth medium. The final measurement of silver ions was read as total
silver ion content in free and bound form due to precipitation with the chloride

ions and formation of silver chloride. A reduction in the total concentration of
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silver ions was noted on standing the mixture for 24 hours and then measuring
(data not shown).
2.6. Discussion

A silver resistant strain of Pseudomonas aeruginosa was established after
repeated subculturing in increasing concentrations of silver nitrate and silver
metal discs. The culture showed distinct changes in colony and cell morphology
as it progressed into selecting the cells resistant to silver. The colonies were
pigmented dark when cultured in presence of silver indicating an accumulation
of silver in the cells from the media. The cells were generally smaller indicated
by the smaller pin head sizes of the colonies suggesting that the cells were in
stages of adaptation to silver at this stage and natural growth of the cells was
restricted by the levels of silver within the growth medium. The level of
resistance to silver was dependant on the selection of growth of cells which were
able to tolerate the increasing levels of silver the bacteria were exposed at
regularly. This was visible in the growth of the bacteria on the SAM plates as
the cells were plated out against silver metallic discs after adapting to the
various concentrations of silver in fluid cultures. The size of the colonies which
were initially dense enough not to be separable on these plates, began to emerge
as smaller individual colonies sparsely scattered out around the silver discs as
the concentration of silver was increased. With the change in size and
appearance of these colonies, the cells lost their mucoid appearance and the
colonies became shinier with dark brown to almost black pigmentation due to

accumulation of silver. Zimmerman (1952) reported a darkening of colonies
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frequently observed in Ag-resistant strains of Gram negative Bacilli. Although in
my study no chemical evidence for silver formation has been experimentally
produced, it is highly possible that resistant strains of Pseudomonas aeruginosa
reduce silver ions to silver metal and that the black colour of the colonies may
be due to a very fine dispersion of silver metal. Organisms from a top soil zone
have been shown to reduce AgNO ;, Ag,0 and Agl to metallic silver with a
fungal isolate from this source reducing silver by production of volatile reducing
materials such as methylamine and dimethylamine (Klein er a/. 1976).

It was also observed at this stage of my studies that a ‘slime-type’ substance‘ was
produced by the bacterial cells on exposure to silver in fluid cultures. Separate
studies will be carried out to study this substance at a later stage of this thesis.
All the physical appearances of these cells were reflected by their ability to
survive in the increasing concentrations of silver. A selection of genetic variants
resistant to silver were observed to be developing through serial subculturing of
these cells in increasing concentrations of silver. These genetic variants were
observed as colonies that grew on the periphery of the zones of inhibition on
SAM to silver metal discs.

The silver concentration in all the different media used was calculated as total
silver ions free and bound as silver nitrate precipitated with the chloride ions
from the various culture media reducing the actual amount of concentration of
silver. The final concentration of total silver ions, free and bound, was
maintained in all the growth media by adjusting the initial concentration of

silver nitrate added to the medium. This was done to ensure that the bacteria
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were being exposed to the stated amounts of total silver ions as silver is known
to form highly insoluble halides and the insolubility of the chloride and sulphide
ions are believed to be responsible for the low toxicity of silver. Indeed, that
silver toxicity to Ps.stutzeri AG259 was strongly dependant on the NaCl
concentration in the medium, which reduced the availability of Ag” by
precipitation AgCl was reported by Gadd ef a/.(1989). As the Ag-r Pseudomonas
aeruginosa strain in my study is also resistant to high concentrations of AgNO,
in nutrient broth, it could be possible that the toxicity to silver is reduced by the
precipitation of AgCl in the growth medium. However, the bacteria were not
cultured in chloride deficient medium in this study and therefore this was not
proved.

The resistance to gentamicin was already established in the Ps231
Pseudomonas aeruginosa cells prior to exposure to silver. Gentamicin resistant
cultures of Gram negative bacilli have been reported resistant to silver ions
where topical application of silver based compounds have been used in burn
wound therapy; McHugh et al. (1975), Lowbury et al. (1976), Hendry et al.
(1979) and Cason et al. (1966). McHugh et al. (1975) have also isolated
Escherichia coli from a patient treated with 0.5% AgNO; solution for burn
wounds conferring resistance to silver.

Resistance to silver at relatively high concentrations has been demonstrated in
bacteria from the soil and from silver mines. For example, a community of
bacteria consisting of Pseudomonas maltophilia, Staphylococcus aureus and

Coryneform organisms were found to have a very high tolerance to silver of up
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to 100mM of silver (Charley and Bull 1979).

Strains of Serratia, Pseudomonas, Azotobacter and Escherichia coli were found
to be resistant to at least 6 mg/ml of ionic silver and some strains of
Pseudomonas aeruginosa have been found to be sensitive to ionic silver at a
concentration of 0.15 mg/ml (Golubovich 1974). Resistance to silver by serial
subculturing has been documented in £.co/i cells in which resistance to 70 ppm
of silver nitrate was found to be achieved after 20 subcultures. This resistance
was transferable to a strain of Salmonella typhimurium (Kaur et al. 1985)
indicating the presence of a silver resistant plasmid.

At this stage of the investigation in my study, it is not known whether
resistance in Ag-r strain of Pseudomonas aeruginosa is plasmid mediated. In the
next chapter investigations will be carried out to determine if this resistance is

plasmid mediated.
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Chapter 3
Establishing the Presence of a Silver Resistant Plasmid in
Ag-r Pseudomonas aeruginosa.
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Chapter 3
Establishing the Presence of a Silver Resistant Plasmid in
Ag-r Pseudomonas aeruginosa.
3.1 Introduction
3.1.1 Plasmids

Plasmids are circular molecules of double-stranded DNA that multiply
independently within host cells and are inherited in a regular manner as those
cells proliferate. Plasmids are not essential to everyday metabolism of the host
cell and account for only a small part of the cell's genome, about 1- 3%. That
small fraction however codes for important accessory genetic traits that are not
ordinarily encoded for by the bacterial chromosome.

Plasmids alone carry the information for conjugation or mating between the
bacteria. They can confer on their host cells resistance to a wide variety of toxic
agents, including heavy metal ions and antibiotics. They have the ability to
acquire new genes and rearrange existing genes to maintain a store of genetic
information suitable with the needs of their current host organism.
Conjugation between bacterial cells can lead to the exchange of plasmids
between different species, and even genera, that are quite unable to exchange
chromosomal genes. The significant aspect of this exchange is that it can result
in the transfer from one species to a competing species of a plasmid carrying
genes that enable the recipient to survive at the expense of the donor. Plasmids
are of two genetically determined mating types, with the genetic information

physically being transferred from a "male" or a donor type, to a "female" or a
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recipient type. The genetic character of "maleness" is known as the F (for
fertility) factor Lederberg and Lederberg (1952). Systemic use of gentamicin and
topical silver based preparations on burn wounds have led to the emergence of
gentamicin and/or silver resistant Sa/lmonella typhimurium (McHugh et al.
1975), Enterobacteriacaea species (Hendry et al. 1979, Annear et al. 1976),
Pseudomonas aeruginosa (Lowbury et al.1971), Klebsiella species and
Escherichia coli (Cason et al. 1966). Ag-resistant bacterial strains have been
isolated from both clinical and environmental sources. Examples include strains
of Acinetobacter baumanii (Deshpande et al. 1994), Escherichia coli,
Enterobacter cloacae and Klebsiella pneumoniae (Hendry et al. 1979),
Pseudomonas aeruginosa (Modak et al. 1981), Pseudomonas stutzeri (Haefeli et
al. 1984) and Salmonelila typhimurium (McHugh et al. 1975).

As gentamicin resistance was already found to be conferred by the Ag-r
Pseudomonas aeruginosa (Chapter 2), and silver resistance was induced
experimentally in this strain, experiments were carried out to establish the
presence of a silver and or a gentamicin resistant plasmid. The conjugative
properties and stability of the resistance conferred were also determined in
addition to determining resistance to other antibiotics and heavy metal ions.

3.2 Materials and Methods

3.2.1 Bacterial Strains

Ag-1 / gentamicin resistant strain of Pseudomonas aeruginosa established in

Chapter 2 was used in this study. Pseudomonas aeruginosa, NCTC 10662 and
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PA025 were obtained trom the Central Public Health Laboratories, Colindale.
Pseudomonas stutzeri AG259 was kindly supplied by C. Haefeli (Switzerland).
All other strains were supplied by the Routine Microbiology Laboratory at
Stanmore.

3.2.2 Culture Media

The composition of the culture media used is described in Chapter 2. The media
used were SAM, nutrient agar and nutrient broth and tryptone extract broth and
agar was purchased from Lab M and was very kindly supplied by the Routine
Microbiology Laboratory ready prepared for use.

3.2.3 Resistance to Heavy Metal Ions

Heavy metal ions tested were arsenate, cobalt, copper, lead, mercury, silver and
zinc in the form of molar solutions of their respective salts. Overnight cultures
of the Ag-r, Ps231 and NCTC 10662 strains of Pseudomonas aeruginosa were
diluted to 2x10°cells/ml and the SAM plates were swabbed evenly using this
inoculum. Four sterile filter paper discs were placed aseptically onto 5 plates
each and 10 pl of the test solution was dropped onto each disc. The plates were
incubated overnight at 37°C and the zone dimensions were recorded for 20
samples / heavy metal ion tested.

The tube dilution method was used to determine the MICs to the heavy metal
ions. The method used for determining the MICs to silver nitrate in Chapter 2

was used here for determining the MICs to heavy metal ions.
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3.2.4 Sensitivity to Other Antibiotics

The Ag-r Pseudomonas aeruginosa strain was screened for resistance to other
antibiotics using MASTring discs on DSTA plates. The procedure was repeated
after 16 weeks of subculture of the same strain in the presence of silver nitrate.
An overnight culture of the bacteria was diluted to 3x10%cells/ml and this
inoculum was used to swab the DSTA plates as evenly as possible using a sterile
swab. MASTTing discs were then placed on the plates aseptically using sterile
forceps. The plates were incubated overnight at 37°C, and the zone of inhibition
was recorded as mm in diameter for a total of 20 samples each / antibiotic
tested. The MICs to these antibiotics were not carried out using the tube dilution
method.

3.2.4.1. Resistance to B-lactam antibiotics

The Ag-r and Ps231 cells were tested for presence of B-lactamase enzyme.
Resistance: to (3-lactam antibiotics such as penicillins and cephalosporins is due
to B-lactamase enzyme usually carried on a plasmid or R-factor. The presence of
this enzyme is detected by using nitrocefin, a cephalosporin. The 3-lactamase
enzyme hydrolyses the amide bond in the B-lactam ring of nitrocefin by
changing the colour from yellow to red.

A solution of nitrocefin was made by dissolving 10mg of the cephalosporin in 1
ml of dimethylsulphoxide (DMSQ) to which 9 ml of 0.05M potassium
phosphate buffer (pH 7.0) was added. To 0.1 ml of this solution in a test tube

was added about 10 ° cells from the Ag-r and Ps231 cells and mixed. The
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3.2.5 Stability to Silver Resistance

The Ag-r Pseudomonas aeruginosa strain was repeatedly subcultured in the
absence of silver nitrate in nutrient broth. Bacteria from these cultures were
regularly plated out on SAM consisting of silver metal discs and gentamicin,
(Chapter 2). The zones of inhibition were recorded regularly.

3.2.6 Isolation of Silver Resistant Plasmid

The method of Wheatcroft and Williams (1981) was used to isolate the silver
resistant plasmid from the silver resistant Pseudomonas aeruginosa. A cell
culture of the bacteria was incubated overnight at 37°C in nutrient broth
containing 100 pg/ml of silver. The plates were incubated in the dark at 37°C.
The colonies were then picked from the agar plates and resuspended in 100 pl
TE buffer composed of 50mM Tris, 50mM Na,EDTA solution, 5% Dow
Corning Antifoam emulsion and 0.1mg xylene cyanol. Then 25 pl of IM NaOH
saturated at 20°C with SDS was added to the suspension. The mixture was
inverted 20 times during 1 minute; the suspension became viscous as the cells
lysed with a characteristic change in colour from blue to green. The suspension
was vortexed vigorously for a few seconds and layered onto 12.5 ml sucrose
gradients in 16.5 ml centrifuge tubes. These samples were centrifuged at
100,000g for 1 hour at 20°C. The tubes were pierced just above the pellets using
a sharp sterile needle and about 100 to 200ul of the samples were collected into
sterile vials. About 40ul of plasmid DNA was pipetted into a sterile Eppendorf
vials to which 5ul of Hind III restriction endonuclease was added. The tubes
were sealed and spun for one second in a microcentrifuge. This step was
repeated once more. The tubes were then placed in a water bath at 37°C for 1
hour to allow digestion to proceed to completion. About 20 pl to 40 pul samples
were loaded directly into a slot of agarose gel and about 20 ul of TE buffer was
added to these slots. The samples were allowed to stand for 5 minutes before
commencing electrophoresis. The electrophoresis gel was prepared from

Agarose Electran 15 (BDH) and made up as 0.7% solution in the gel running
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buffer (80mM Tris, 2.5mM Na,EDTA and 89mM boric acid). Electrophoresis
was carried out for 60 minutes at 200v to reveal the presence of a plasmid

DNA. The gel was stained for 30 minutes in 1 pl/ml of ethidium bromide in the
gel running buffer and photographed under UV illumination.

3.2.7 Curing of Silver Resistance

The method used by Bouanchaud er al. (1968), Miller (1972) and Tomoeda et
al. (1968) to eliminate resistance factors by ethidium bromide, acridine orange
and sodium dodecyl sulphate (SDS) was used in this study to cure or eliminate
the silver resistance from the Ag-r strain of Pseudomonas aeruginosa. The MICs
to ethidium bromide, acridine orange and sodium dodecyl sulphate were
determined using the tube dilution method in nutrient broth. The Ag-r strain and
a control strain Ps.stutzerii AG259 conferring plasmid mediated resistance to
silver, were grown overnight at 37°C. The culture was diluted to 3x10°cells/ml
and 0.2ml of this inoculum was pipetted in nutrient broth containing the curing
agents in the required concentrations. The tubes were incubated for 48 hours at
37°C. The MIC was determined as the lowest sub-inhibitory concentration of
the curing agent allowing growth. The silver ion resistance was tested on SAM
plates containing 100 pl/ml silver using the replica plate technique. The
difference in the number of colonies on SAM plates with and without the test

concentration of silver was used to calculate the curing rate.

70



Chapter 3

3.2.8 Transfer of Silver Resistance

The conjugation method used here was the one used by McHugh et al. (1975).
The recipient strains had the following genotypes:

(i) Pseudomonas aeruginosa strain 1381 caftazidine-resistant, silver sensitive.
(ii) Pseudomonas aeruginosa strain PAO2S5 tetracycline-resistant, silver
sensitive.

(iii) Pseudomonas aeruginosa clinical isolate ticarcillin-resistant, silver
sensitive.

(iv) Enterobacter cloacae clinical isolate ticarcillin-resistant, silver sensitive.
Cultures of donor and recipient bacteria were grown to mid-logarithmic phase in
tryptone yeast extract broth at 37°C. 1ml quantities of the donor and the
recipient cells were mixed and then passed through a sterile 0.45um pore filter
which was placed on tryptone yeast agar and incubated at 37°C, overnight. The
filter was then removed from the agar and shaken in 2 ml of broth to remove the
bacteria from the filter. Appropriate dilutions were made and plated out onto
selective media of SAM plates consisting of 30pug caftazidine, 150pg
tetracycline and 75ug ticarcillin. The colonies growing on these SAM plates
were transferred onto SAM plates containing 50, 100 and 200u.g of silver nitrate
using the plate replica method, and incubated at 37°C for 72 hours. For all the

strains, control plates without silver were also set up.
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3.3 Results

3.3.1 Resistance to Heavy Metal Ions

Ag-r cells of Ps.aeruginosa
Metal ion Ag-r cells MIC to metal ion Mean zone (mm) SD SEM
Zone size (mm) pg/ml
IM NaAsO, 17.5 x10%; 18x5;17x5 >5 17.5 0.36 0.08
0.5M CoSO, 32.5x 10; 32x5; 33x5 5 325 0.36 0.08
1M CuSO, 19x10; 19.5x5; >5 19 0.36 0.08
18.5x5
0.5M PbCH,00H 16.5x15; 16x5 1 16.4 022 0.04
0.07M HgCl, 24.5x10; 25x5; 24x5 >5 24.5 0.36 0.08
1M AgNO, 16.5x5; 16x15 >5 16.4 0.22 0.04
0.5M ZnSO, 31x10; 31.5x5; <] 31 0.36 0.08
: 30.5x5
Ps231 cells Ps. aeruginosa
1M NaAsO, 22.5%12; 23x5; >10 225 0.43 0.09
21.6x3
0.5M CoSO, 27.5x14; 27x3; 28x3 <5 275 0.28 0.06
1M CuSO, 20.5x10; 22x4, >5 205 0.88 0.19
19.5x6
0.5M PbCH,O0H 13.5x15; 14x3; <1 13.4 03 0.06
12.8x2
0.07M HgCl, 50x18; 49.5x2 >10 50 0.15 0.03
1M AgNO3 29.5x16; 29x2; 30x2 <25 29.5 0.22 0.05
0.5M ZnSO, 50x17; 49.5x3 0.5 50 0.18 0.04
NCTC 10662 Ps.aeruginosa
1M NaAsO, 22x6; 22.5x10; >10 225 0.46 0.1
23.3x4
0.5M CoSO, 35.5x12; 35x4; 36x4 <5 355 0.32 0.07
1M CuSO4 22x10; 23x5; 22.5x5 >5 22.4 0.42 0.09
0.5M PbCH,O0H 16x15; 16.5x5; <1 16.1 0.22 0.04
0.07M HgCl, 22.5x15; 23x5 <5 226 022 0.04
1M AgNO, 29.5x12; 30x3; <2.5 295 0.25 0.05
29.2x5
0.5M ZnSO, 20x14; 21x3; 19x3 >2.5 20 0.56 0.12

* x 10 refers to the number of samples with zone sizes of 17.5mm.

Table 3.1 Resistance to Heavy Metal lons

Table 3.1 shows the sensitivity to other heavy metal ions for the Ag-r, Ps231 and
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the NCTC 10662 Pseudomonas aeruginosa. An increased resistance to zinc,
arsenate, copper and mercuric ions was observed in the Ag-r strain, where the
zones of inhibition to the mercuric and the zinc ions was reduced to half their
original zone dimensions. A slight increase in sensitivity to cobalt and lead ions
was also observed as resistance to silver increased in the Ag-r strain of
Pseudomonas aeruginosa.

From the standard deviation (SD) and the standard error of mean (SEM), the
true mean of the population, for all the three strains tested for zones of
inhibition to heavy metal ions, it was found to lie within the 'sample mean + 2
standard errors; ie at the 95% confidence level, in a normal distribution, 19
times out of 20, the true population mean for all the strains tested to various
heavy metal ions, will lie between their respective true mean +2 standard errors

reflecting in the repeatability and reliability of the results obtained.
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3.3.2 Sensitivity to Other Antibiotics

[Antibiotic] Ag-r cells Meun zone (mm) SD SEM
pg/Mastring initial zone sizes (mm)
amikacin (30) 12x14; 12.5x6 122 0.23 0.05
caftazidime(30) 26.5x5; 26x15 26.1 0.22 0.04
ticarcillin (75) 26x15; 26.5x5 26.1 0.22 0.04
tobramycin (10) Resistant — — —
collistin (25) 16x15; 16.5x5 16.1 0.22 0.04
mezlocillin (30) Resistant — — —
gentamicin (10) Resistant —_ - —
Ag-r cells zone sizes at 16 weeks (mm)
Amikacin (30) 11x15; 11.5x5 11.1 0.22 0.04
caflazidime(30) 25.5x5; 25x15 251 0.22 0.04
ticarcillin (75) 25x10; 24.5x5; 25.5x5 25 0.36 0.08
tobramycin (10) Resistant — —_ —
collistin (25) 17x15; 17.5%5 17.1 0.22 0.04
mezlocillin (30) Resistant — —_ —
gentamicin (10) Resistant — — —_
Ps231 cells initial zone sizes (mm)
Amikacin (30) 12x15; 12.5x5 12.1 0.22 0.04
caftazidime(30) 26x10; 26.5x5; 27x5 26.4 0.42 0.09
ticarcillin (75) 26x15; 26.5x5 26.1 022 0.04
tobramycin (10) Resistant — — —
collistin (25) 16x15; 16.5x5 16.1 022 0.04
meziocillin (30) Resistant — — —
gentamicin (10) Resistant — —_ -
Ps231 cells zone sizes at 16 weeks (mm)
Amikacin (30) 12x10; 13x5; 12.5x5 12.4 0.42 0.09
caftazidime(30) 27x15; 27.5%5 27.1 022 0.04
ticarcillin (75) 25.5x10; 24.5x10 25 0.51 0.11
tobramycin (10) Resistant — — -
collistin (25) 16.5x5; 16x15 16.1 0.22 0.04
mezlocillin (30) Resistant —_ —_ —
gentamicin (10) Resistant — — —

74

Table 3.2. Sensitivity to Other Antibiotics




Chapter 3

Table 3.2 shows the sensitivity to the antibiotics. There appeared no significant
changes in the pattern of resistance to the antibiotics in both the Ag-r and Ps231
strains of Pseudomonas aeruginosa. The resistance to gentamicin, mezlocillin
and tobramycin remained stable through the process of developing silver
resistance.

From the standard deviation and standard error of mean, the true mean of the
population, calculated for the Ag-r Pseudomonas aeruginosa to amikacin,
caftazidine, ticarcillin and collistin was found to lie within the sample mean +2
standard errors; ie at the 95% confidence level in a normal distribution, 19 times
out of 20, the population mean for all the antibiotics tested will lie between their
respective mean +2 standard errors, reflecting the repeatability and reliability of
the results obtained.

3.3.2.1 Resistance to f-lactam antibiotics

A strong red colour was obtained in the colonies of the Ps231 cells indicating
the presence of B-lactamase enzyme. The Ag-r colonies had grown on the SAM
as dark brown colonies due to the oxidation of silver accumulated within the
cells and any colour change due to hydrolysis of the B-lactam ring by the [3-

lactamase enzyme was not visible.
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3.3.3 Stability to Silver Resistance

Repeated subculture of Ag-r cells in the absence of silver
Length of subculture zone sizes (mm) mean zone SD SEM
Ag-r strain initially Resistant — — -
After 10" subculture Resistant - - —
After 35™ subculture 28.5x5; 28x15 28.12 0.22 0.05
After 12 months 44.5x15; 45x5 44.62 0.22 0.05
subculture

Table 3.3 Repeated subculture of Ag-r Pseudomonas aeruginosa in
absence of silver

From the standard deviation and standard error of mean, the true mean of the
population calculated at the 35th subculture was found to lie within

28.12 + 2 x 0.05 ~ 28.22 and 28.02mm; and after 12 months of subculturing the
cells, the true mean was found to lie within 44.62 + 2 x2.05 ~44.72 and

44 5mm. Therefore at the 95% confidence level, 19 times out of 20, the
population mean for the above results will lie between their respective mean + 2
standard errors reflecting the repeatability and reliability of the results obtained.
Table 3.3 shows the decrease in the zone sizes to silver metal discs. After 12
months of subculture in absence of silver ions, the strain became very sensitive
to silver metal discs and was once more, silver sensitive. It was observed that
the gentamicin resistance was very stable on all repeated subcultures. The silver
resistance was lost in the absence of silver ions (Figures 3.1 and 3.2).

3.3.4 Isolation of a Silver Resistant Plasmid

Electrophoresis of the plasmid DNA preparation revealed the presence of open
circular plasmid DNA on the agarose gel under UV illumination, which can be
seen in Figure 3.3 as a fluorescent band on the agarose gel. The plasmid DNA
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extracted from Ag-r strain of Ps.stutzeri 259 was separated in lanes 2 and 4 into
two open circular plasmids pkk1(C) and pkk2 (D) with a total length of 74.6
kilobases and 11.3 kilobases respectively. The molecular weight of the largest
plasmid, pkk1, extracted from Ps.stutzeri AG259 is 49.4 x 10° ; The DNA
extracted from Ag-r Pseudomonas aeruginosa separated into two bands of (A)
supercoiled form of plasmid DNA and (B) an open circular plasmid. The
molecular weight of the Ag-r resistant plasmid marked (B) was not determined
using appropriate molecular weight markers, its length was estimated to be 11.3
kilobases which is the same as that of the open circular plasmid pkk2 of
Pseudomonas stutzeri AG259 as both these plasmids had similar relative
mobilities on the gel. Also detected on the gel, supercoiled form of plasmid
DNA marked as (A) in lanes 1 and 3 and found to be present in the mutant Ag-r
and the Ps231, parent strain of Pseudomonas aeruginosa. These bands marked
(A) were thought to be supercoiled form of DNA due to heavy fluorescent
staining and smearing of the residual DNA. The open circular forms of plasmid

DNA stained as heavy fluorescent bands of DNA without any residual smearing.
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3.3.5 Curing of silver resistance

[curing agent] pg/mi* Ag-r Pseudomonas aeruginosa Ag 259 Ps.stutzeri
No of colonies tested No of colonies tested
tested cured** net tested cured net
curing curing
rate% rate%***
acridine orange (100) 2600 1622 62.4 240 210 87.5
Control 406 0 — 200 0 —
ethidium bromide(200) 80 50 62.5 100 100 100
Control 406 0 — 200 0 —
SDS (200) 100 60 60 70 61 87.1
Control 406 V] — 200 0 —_

Table 3.4 Curing of silver resistance
*MICs determined for the above strains; **Cured colonies: colonies which did not grow on silver selected
media; ***%net curing rate: no of colonies cured/ no of colonies tested

Table 3.4 shows the curing rates obtained with different curing agents. An
average of 62% curing rate was observed with the experimentally derived silver
resistant Pseudomonas aeruginosa, and 92.5% curing rate was observed with the
plasmid bearing silver resistant Pseudomonas stutzeri AG259. Ethidium
bromide was the most effective curing agent, with a curing rate of 62.5% for the
experimentally derived resistant strain and 100% curing rate for the plasmid
harbouring silver resistant Pseudomonas stutzeri AG259.

3.3.6 Transfer of Silver Resistance

There were no recombinants indicating no intra or intergeneric transfer of silver
resistant plasmid during conjugation with any of the strains mated with Ag-r

Pseudomonas aeruginosa.
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3.4 Discussion

The resistance to silver was established on continual exposure of this strain to
silver nitrate, as was observed in Chapter 2. The Ag-r Pseudomonas aeruginosa
in my study exhibited an increase in resistance to arsenate, zinc, copper,
mercuric and silver ions during exposure to silver. This suggests that these
metal ion resistances may be linked to silver resistance in that the genes coding
for silver resistance may be involved in regulating resistance to these metal ions.
There was an increase in sensitivity to lead and cobalt ions as the resistance to
silver increased. This observed increase in sensitivity to these metal ions may
also be linked to silver resistance. Resistance to gentamicin, mezlocillin and
tobramycin remained stable in the Ps231 sensitive strain before and after
exposure to silver nitrate, suggesting that these were not linked to silver
resistance. The parent strain Ps231 was also identified as B-lactamase positive.
The strain was resistant to mezlocillin a penicillin antibiotic, proving the
presence of an antibiotic resistance determining factor in the wild type parent
strain Ps231 of Pseudomonas aeruginosa. This resistance remained stable in the
Ag-t cells. The resistance to -lactam antibiotics is believed to be targeted
outside the cytoplasmic membrane based on an efflux mechanism ( Li e al.
1994). Multiple resistance to metal ions as well as various topical antimicrobial
agents containing silver have been well documented. Mechanisms of resistance
to arsenic, cadmium, copper and mercury have been elucidated at the molecular
level in the Pseudomonads (Cervantes and Silver 1996, Silver and Phung 1996,

Silver and Ji 1994). A sulphadiazine resistant strain of Pseudomonas aeruginosa
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(Bridges and Lowbury 1977), a gentamicin / silver sulphadiazine resistant
Pseudomonas aeruginosa (Heggers and Robson 1978), Pseudomonas
aeruginosa with plasmids conferring resistance to carbenicillin, neomycin,
kanamycin, streptomycin, sulphonamides, gentamicin and mercuric ions
(Stanisich 1977) and Salmonella typhimurium (MGH), conferring multiple
resistance to ampicillin, chloramphenicol, streptomycin, tetracycline as well as
silver and mercuric ions (McHugh et al. 1975) have all been identified.
Further results from experiments in my study also showed that the resistance to
silver was readily lost on repeated subculturing in the absence of silver ions,
thus suggesting that the resistance to silver was possibly plasmid mediated and
not located on chromosomal DNA.

Loss of resistance to silver has also been documented in a gentamicin / silver
resistant strain of Pseudorﬁonas aeruginosa on repeated subculturing in the
absence of silver (Bridges and Lowbury 1979). The lack of recombinant cells
during the conjugation experiments in my study suggested the plasmid of a non-
conjugative type as no inter or intrageneric transfer of the plasmid was observed.
Annear et al. (1976) have shown that on repeated subculturing, a silver resistant
clinical isolate of Enterobacter cloacae, in the absence of silver ions, became
silyer sensitive and failed to transfer any plasmid it carried and was found to be
non-conjugative. A strain of Pseudomonas maltophilia was shown to be silver
resistant via a plasmid encoded mechanism which was lost in the absence of

silver (Charley and Bull 1979). Haefeli et al. (1984), isolated Pseudomonas
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stutzeri from a silver mine which on plasmid analysis showed the presence of
three plasmids which were thought to code for resistance to silver. Transfer of
this plasmid to a non-resistant strain of Pseudomonas putida was accomplished
and subsequent characterisation showed that only one plasmid was present in
the emergent strain. Comparison of this plasmid with the three in the
Pseudomonas stutzeri showed that the plasmid with the heaviest molecular
weight of 49.4x10° was responsible for the silver resistance, although the
mechanism of the silver resistance is yet unknown. Transfer of silver resistance
from Salmonella typhimurium isolated from a patient whose burn wounds were
treated with 0.5% AgNO; to Escherichia coli has also been reported by McHugh
et al. (1975). Matsui et al. (1997) have sequenced genes from this Ag-r plasmid
pMG101 isolated by McHugh et al. (1975) from the Salmonelia typhimurium
responsible for encoding a proton coupled efflux transporter system in these
silver resistant bacteria.

Nakahara ef al.(1989) isolated silver resistant Enterobacter cloacaea from
contaminated sewage and demonstrated this strain to an R-plasmid with
transferable silver resistance. The exact mechanism by which the plasmid was
responsible for silver resistance was not known. The silver resistant plasmid
pKK1 has been transferred from Pseudomonas stutzeri to Pseudomonas putida
by high voltage electroporation and not by conjugation (Trevors and Starodub

1990).
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Plasmid mediated silver resistance has also been reported in Acinetobacter
baumannii BL88 strain and has been found to be transferable to Escherichia coli
K12 during conjugation (Deshpande and Chopade 1994).

The molecular basis of resistance to silver ions in a silver resistant strain of
Salmonella has also been proposed by Gupta et al. (1999) who have suggested
that the genes coding for resistance are arranged in divergently transcribed
RNAs encoding for a periplasmic silver specific binding protein and two parallel
efflux pumps. Periplasmic and outer membrane proteins are also believed to be
responsible for copper resistance in Pseudomonas syringae (Cha and Cooksey
1991).

Recent work on the silver resistant Pseudomonas stutzeri has shown silver
resistance to be possibly due to formation of silver-sulphide complexes in this
strain (Slawson ef al. 1994).

The precise role of the plasmid coding for silver resistance is not known;
however, it has been proposed that some resistant Pseudomonads reduce Ag *to
Ag ° This capacity also demonstrated by the silver sensitive strains as well
suggests that this is not the mechanism of silver resistance (Haefeli et al. 1984).
Further experiments to prove the presence of the silver resistant plasmid in my
study involved curing the strain of the silver resistance using curing agents such

as acridine orange, ethidium bromide and sodium dodecy! sulphate. The
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plasmid bearing strain AG259 Pseudomonas stutzeri (Haefeli et al. 1984)
already coding for silver resistance was employed as a control strain. A curing
rate of 62% was obtained for the experimentally derived silver resistant strain of
Pseudomonas aeruginosa. A curing rate of 91% was obtained for the AG259,
Pseudomonas stutzeri confirming the presence of silver resistant plasmids in
both the experimental and the control strains.

The presence of the plasmid was further proven when isolated and separated on
the agarose gel. It appeared to be in the open circular form of plasmid DNA, not
migrating very far down the gel, and therefore a heavy molecular weight
plasmid. This Ag-r plasmid may have a possible length of 11.3 kilobases as it
had the same relative mobility on the agarose gel as that of the plasmid pkk2 of
Pseudomonas stutzeri 259.

An unstable, non-conjugative silver resistant plasmid was detected in the Ag-r
Pseudomonas aeruginosa in my study. Also a supercoiled form of plasmid DNA
was detected in both the Ag-r and the Ps231 parent strains of Pseudomonas
aeruginosa suggesting a proposal that this supercoiled form of DNA could be
responsible for the stable resistance to gentamicin, tobramycin and mezlocillin.
which was not lost on repeated subculturing in absence of silver ions. In
Chapter 4 the effect of silver ions on the growth curves of Ag-resistant bacteria
will be investigated and attempts will be made to identify the operation of an

efflux pump with the use of an uncoupling agent.
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Chapter 4

Bacterial Growth Curves
4.1 Introduction
A variety of environmental factors influence microbial growth. These can be
divided into physical environment which includes temperature, pH, and osmotic
pressure and the nutritional environment such as amino acids or essential metal
ions and minerals which comprises of sources of energy and constituents for
synthesis of cell components. A change in any of these factors or addition of
toxic elements to the growth medium can alter the growth pattern of the
microorganisms.
To determine the effects of silver on the parent strain Ps231, experiments were
carried out to adapt the bacteria to silver and induce resistance in the parent
strain by continuously exposing the cells to silver. The effect of silver ions on
the bacterial growth rates and the uptake of silver by these bacteria was
investigated. The effect of an uncoupling agent Carbonylcyanide p-
trifluoromethoxyphenylhydrazone (FCCP) on the uptake of silver by these
bacteria was investigated in this Chapter to determine an efflux activity of silver
ions in the Ag-r Pseudomonas aeruginosa cells. FCCP is an uncoupling agent
used to uncouple oxidative phosphorylation in the electron transfer chain.
Uncouplers act by stimulating respiration in living cells by allowing the electron
transport to continue but prevent phosphorylation of ADP (adenosine 5'-
diphosphate) to ATP (adenosine 5’ triphosphophate) i.e. uncouple the energy

yielding from the energy conserving reaction. Thus if active efflux of a
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metabolite was taking place, its internal concentration would increase as it
would not be ‘pumped’ out.
In addition, as the Ag-r cells exhibited an increase in resistance to zinc" ions in
Chapter 3 the effect of zinc sulphate and of iron and copper ions also in the
sulphate form was investigated on the growth cycle of the Ag-r strain in
presence and absence of silver.
4.1.1 Parameters determining bacterial growth
Biological growth in microbial culture is frequently expressed in terms of

specific growth rate, p with units of reciprocal time (usually hrs ). Growth of
a culture experiencing balanced growth closely approximates first order
chemical reaction kinetics in that the rate at which any property is increasing at
a given time (t) is equals to p times the concentration of the property (P) present
at time t. Mathematically this can be expressed as :

dP/dt =-pP (1)
P can be any property of the culture, such as cells/ml, protein/litre, or g/litre dry
weight. In order to use the Equation 1 to calculate a value for u during a
particular time interval, Equation 1 must be integrated and rearranged:

u=(nP-IlnPy/ (t-1,) 2)

Another parameter that is frequently used in relation to microbial cultures is the
doubling time, d, which is the average time necessary for a property to double its
concentration.
The relationship between p and doubling time is:

d=[(ln2) (t-1,)]/(InP-InP,. 3)
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The presence of the logarithmic terms in Equation 2 tells us that the properties
of a culture we are measuring increase exponentially with time. This can be
shown by rearranging Equation 2 and taking the antilogarithm:

P =P, 4)
A plot of the logarithm of P versus time would result in a straight line with slope
equal to p. This depicts the familiar logarithmic growth phase that all bacterial
cultures exhibit during their life (Figure 4.1).
4.2 Materials and Methods
4.2.1 Bacterial cultures

Control cells of Ps231 culture were sterilised on initial exposure to 0.2pug/ml
silver. However on exposure of this strain to 6 silver metal discs in nutrient
broth, the cells survived for up to 20 hours. Viable cells in the exponential phase
were removed and subcultured in 0.2pg/ml silver as described in Chapter 2.
Bacteria were killed on exposure to silver after 20 hours of growth. Viable cells
from this culture were removed during the ‘exponential’ phase and subcultured
again in 0.2 pg/ml silver. Five flasks were cultured for each concentration of
silver in which the cells were grown. The lag phase of the culture was reduced
by repeatedly transferring cells from an exponentially growing culture into fresh
growth medium with the same concentration of silver. Once the lag phase was
shortened, the cells were exposed to a slightly higher concentration of silver in
fluid cultures until growth was achieved at 1000 pg/ml of silver. The pattern of
growth cycle at each subculture at each higher concentration of silver was
monitored by means of the specific growth rate, division time and number of

maximum viable cells and measuring the uptake of silver by these cells. The
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Figure 4.1 Growth curve of typical bacterial culture as measured by viable cell count.
a: lag phase;

b: logarithmic or exponential phass;

c: stationary phase;

d: death phase.
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cells were finally subcultured in 1000pg/ml silver.
4.2.2 Zones of inhibition to Ag metal discs

At various stages of the induction process, ‘Ag-r cells’ were removed from the
fluid cultures and plated on SAM plates containing silver in varying
concentrations and zones of inhibition to Ag metal discs were recorded and the
plates were photographed.

4.2.3 Uptake of silver by Ag-r cells of Pseudomonas aeruginosa

Samples for the silver uptake studies were set up as follows: 3 flasks of 500 ml
of nutrient broth were set up for each of the concentrations of silver in which the
cells were cultured. The concentrations of silver used were 10, 50, 100 and 1000
ug /ml silver. The flasks were inoculated with approximately 1.5 x 10°cells /ml
cells from the relevant Ag-r cultures.

The first flask consisted of silver alone with the bacterial cells, the second flask
was the same as the first flask but the cells were treated with 0.15mM FCCP and
the third flask consisted one half of the same culture from the first flask to
which 0.15mM FCCP was added after a 7 hour growth period. 2 ml aliquots of
cells were removed from the cultures in the first instance at every minute for the
first 5 minutes and then at suitable intervals during the growth cycle. The
samples were washed in 50mM Tris buffer, pH 7.2. and centrifuged at 10,000 x
g in a SS-Sorvall centrifuge. The cell pellets were weighed by collecting cells
on pre-dried and weighed 0.45um pore size filters and drying to a constant
weight in an oven at 110°C. The wet weight of the cells was also determined

prior to drying the cells. The cells were digested in a 2:1 mixture of concentrated
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prior to drying the cells. The cells were digested in a 2:1 mixture of concentrated
sulphuric and nitric acid for the measurement of silver content, as described in
Chapter 2, using the Atomic Absorption Spectrophotometer.

4.2.4 Effect of Zn*,Cu® and Fe*" on the growth curves of Ag-r cells

Growth cultures of Ag-r cells in the presence and absence of 10pug/ml silver
were set up as described in Chapter 2. 0.05mM ZnSO,, 0.03mM FeSO, and
0.05mM CuSO, was added to these cultures to observe the effect of growth on
these cells.

4.3 Results

4.3.1 Refer to Appendices A4 to A13 for data and statistics on growth curves
of Ag-r cells.
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4.3.1.1 Percentage cell death, specific growth rate and division time of cells

at various concentrations of silver

[Ag]& Mean Mean Mean Mean span Mean mass Mean % cell
Subcultu specific division length of cell death within
re No growth rate time lag exponential first hour of
3 1 1
0_: ;;)‘) (d:_:; ) p (l;:l;e ';::;e wet weight dry weight expos :;;to Ag
+sb (ng/mD) (ng/ml)
+SD +SD
[0.2)sub | — — — — 0.09+002 0.04+0.002 37.5+0.24
1
sub 2 — — — - 0.1240.015 | 0.08+0.002 26.6+0.22
Sub 3 0.06x 11.6x 7x0.2 7-13 0.38+0.12 0.26:0.03 28.3x0.04
0.002 0.0047
Sub 4 0.24+ 2.9+ 610 6-7 0.8440.32 0.72+0.34 12.4+0.05
0.004 0.0047
Sub 5 0.06+ 11.6+ 540 5-20 1.7840.65 1.26+0.46 11.12£0.05
0.002 0.0047
Ps231 1.63% 0.43+ 240.2 3-15 2.45+0.02 2.14+0.79 1 3+0.08
control 0.004 0.009
[1.25] sub | 0.095+ 7.29%& 10£0.2 | 10-12 0.04£0.003 | 0.009+0.81 5540.47
1 0.07 0.004
sub 2 0.09+0.07 7.29% 7+0.2 7-13 0.35+0.003 0.31+0.004 30.5+0.23
0.004
Sub 3 0.42+ 1.65¢ 1330.2 | 13-15 0.56+0.09 0.37+0.03 25.5+0.23
0.009 0.004
Sub 4 1.762+ 0.39+ 5+0.2 5-15 1.0540.29 0.98+0.29 12.2+0.09
0.01 0.004
Ps231 1.268+ 0.55+ 540 5-15 2.60+0.88 2.24+0.77 1 3+0.08
control 0.007 0.004
[25]sub | — - 740 7 0.08+0.002 | 0.03+0.004 38.940.36
1
sub 2 0.05+ 13.8+ 9+0.2 9-25 0.55+0.003 | 0.3240.14 25.6+0.26
0.004 0.009
sub 3 0.69+ 1+£0.0047 7+0.2 9-20 0.7940.004 | 0.41+0.16 26.7+0.08
0.004
Ps231 1.44% 0.48+ 310 11-15 2.8740.009 | 2.64+0.004 13+0.08
control 0.004 0.009
[5] sub 1 —_ — —_ — 0.240.04 0.240.008 37.240.14
Sub 2 0.11x 6.3+ 740.2 7-15 0.35+0.003 | 0.31+0.05 30.2+0.08
0.008 0.009
sub 3 0.13+ 5.04% 740.2 7-13 0.76+0.006 | 0.53x0.005 30.2+0.08
0.004 0.0047
Table 4.1
continued.....
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Table 4.1 continued.....

[Agl& Mean Mean Mean Mean span Mean mass Mean % cell
Subcultu specific division length of cell death within
re No. growth rate time lag exponential first hour of
- -1 -1
(_‘: lS];)") (d::]; ) p(l;a:.s)e p('::_’)e wet weight dry weight expos:;)to Ag
+sD (ng/mb) (ng/mb)
+SD +SD
sub 4 0.98+0.004 0.7140 -04(| 5+0 7-15 0.85+0.003 | 0.5240.005 13.4%0.05
sub 5 1.26+0.004 0.55+:0-00 540 7-13 0.99+0.004 | 0.79+0.12 11.3+£0.05
Ps231 1.18+0.004 0.59« 320 7-13 3.21+0.016 3.05+0.02 1 3+0.08
control 0-004
[10]sub ! [ 0.16+£0.006 4.3+ 740.2 10-20 1.10+£0.04 0.68+0.004 21.2+0.05
0.0047
sub 2 0.39+0.13 1.78+ 6+0.2 10-15 1.32+0.1 1.1240.22 4.1+0.02
0.0047
sub 3 0.76£0 091+ 3+0.2 7-13 1.4240.125 1.21+0.23 1.940.02
0.0047
Ps231 0.69+0.004 1+0 1.5+0 7-15 3.34+0.89 3.1540.02 1 3+0.08
control
[20] sub 1 — — — —_— 0.05+0.004 0.02+0.002 40+0.48
sub 2 0.1+0.008 6.93% 9+0.2 9-11 0.68+0.014 041+ 23.840.14
0.004 0.0025
sub 3 0.541£0.004 1.28+ 13+0.2 13-25 1.45+0.004 1.21+0.004 22.1+0.047
0.004
sub 4 1.3410.004 0.52+ 1020.2 10-15 1.79+0.014 1.53x0.156 12.6%0.047
0.012
Ps231 1.35+£0.004 051+ 1.520 5-10 3.4620.12 3.15+ 12.9+0.18
control 0.041 0.0047
[50] sub 1 — — — —_— 0.06+0.002 | 0.04+ 56+0.47
0.0047
sub2 0.118+0.004 | 5.9+ 13+0.2 15-25 0.56+0.014 | 0.31+0.047 34.310.12
0.047
Sub 3 0.37+0.004 1.8+ 10+0.2 11-20 0.68+0.014 | 0.42+0.047 1840.24
0.047
sub 4 0.2140.004 3.3+ 540.2 5.35 0.95+0.047 | 0.75¢ 9.49+0.0047
0.047 0.0047
Ps231 1.0940.004 0.64+ 1.5+0 5.15 2.95+0.047 | 241 1 3.240.047
control 0 0n4 0.0047
[100] sub | 0.28+0.004 2.5+ 710 7-10 0.08+0.002 | 0.0520.004 53+0.82
1 0.047
sub 2 0.19£0.004 (3)(6)1:7 1140.2 11-25 0.56+0.09 0.32+£0.73 27.9+0.47
Sub 3 0.18+0.004 88:54 740.2 15-30 0.83£0.014 | 0.61x0.22 8.4+0.047
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Table 4.1 continued.....
[Agl& Mean Mean Mean Mean span Mean mass Mean % cell
Subcultu specific division length of cell death within
re No. growth rate time lag exponential first hour of
-1 B
(_’: glr).) (d_:;ll; ) p(l;lars)e p(:‘:_;e wet weight dry weight expos:;)to Ag
+SD (ug/ml) (ng/ml)
+SD +SD
Ps231 0.72+0.004 0.96+0 240 10-20 2.89+0.014 | 2.51+ 1 4+0.47
control 0.0047
[500] sub | 0.07+0.002 9.9+ 1540.2 15-25 0.56+£0.047 { 0.31z 40+0.24
I 0.047 0.0047
sub 2 0.1+0.02 6.9+ 110 11-25 1.23+0.032 1.08+ 26.840.14
0.047 0.0047
Sub 3 0.17+0.004 0.86+ 240 11-20 1.67+0.004 1.43+ 22.3+0.047
0.047 0.0047
Ps231 0.81+0.008 0.86+ 2+0 11-20 3.21+0.008 | 3.12+0.04 1 3+0.47
control 0.047
[1000] 0.1240.004 5.8+ 740.2 7-15 0.4240.004 | 0.28+ 43+0.47
sub 1 0.047 0.0047
sub 2 0.075+0.004 9.24+ 540 10-25 0.68+0.004 | 0.49+0.002 43+0.82
0.041
sub 3 0.09+£0.002 7.15¢ 540 13-20 0.97+0.012 | 0.72¢ 39+0.47
0.04] 0.0047
Ps231 1.04+0.004 0.67+ 240 10-15 3.56x0.004 | 3.21x 1 3+0.41
control 0.008 0.0047

Table 4.1. Percentage cell death, specific growth rate and division time of cells at
various concentrations of silver
Differences in the specific growth rate and the division time were found in the
cells exposed to silver during the initial subculturing and the Ps231 cells. There
were observed differences in the specific growth rates and division time between
the first two subcultures of cells growing at the lower concentrations of silver at
0.2 and 2.5ug/ml and the Ps231 cells and at the very high concentration of silver
at 50, 100, 500 and 1000ug/ml silver. On adapting to silver during the final
subcultures no difference in the specific growth rate and the cell division time

was observed in cells growing at 5, 10 and 20 pg/ml silver.
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From the results in Table 4.1 all the cells experienced a percentage of cell death
on initial exposure to silver at each subculture. The cells which survived
exhibited a long lag phase which decreased on repeated exposure of cells to the
same concentration of silver. On transferring the cells which had ‘acclimatised’
at 0.2pg/ml silver (Figure 4.2) to 1.25pug/ml silver, the length of the lag phase
increased from 5 hours to 10 hours. This was halved to 5 hours on repeated
exposure to silver during subcultures 1 to 4 at 1.25pug/ml silver (Figure 4.3).
The overall cell mass which was measured as the wet and dry weight of the cell
pellet also increased with an increase on acclimatisation by the cells to silver,
just as the overall number of viable cells decreased with an increase in the
concentration of silver in the growth medium. There was a reduction in the
number of viable cells within the first hour of exposure of cells to silver. The lag
phase was shortened on repeated exposure of subcultures to any one
concentration of silver with the decline phase more marked during initial
exposure to silver.

Large increases in silver concentrations resulted in long lag phases on
subculturing cells from a lower concentration (50 and 100pug/ml, Figures 4.8 and
4.9) of silver to higher concentration of silver (500 and 1000pg/ml, Figures 4.10
and 4.11). At concentraﬁons of silver ranging from 1.25ug/ml silver to 100pg
/ml silver (Figures 4.3 to 4.9) the cells in the final subcultures at these
concentrations of silver exhibited a sigmoid curve. However, cells in
concentrations of silver at 500 and 1000ug/ml silver did not exhibit a true

sigmoid growth curve but a long depressed growth pattern of lag/exponential
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