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________________________________________________________________Abstract

M e c h a n ism s  o f  R e sist a n c e  t o  S il v e r  in  P se u d o m o n a s  a e r u g in o sa

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 o f 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 o f 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 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 o f fungi eg. Candida albicans (Wlodkowski and Rosenkranz 

1973, Raad et 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 o f 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
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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 ions.

1.1.1 The Chemistry of Silver

Silver is classified into group IB 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(NHg) 2  

or [Ag(RNH2 )2 ]+ and with the sulphuhydryl groups to form very slightly 

ionisable AgSR compounds.

It also reacts with the CN to form Ag(CN ) 2  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.

3
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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 aerobes 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, Femel, 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 bum 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 bums 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 bum wound infection than 0.5% silver nitrate compresses.

Other initial studies showed that 0.5% silver nitrate compresses were effective 

in controlling bum wound infections and effectively reducing water loss by 

evaporation from the wound (Moyer 1965, Monafo and Moyer 1965 and 1968, 

Brentano et a l  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. l%w/v solution was found to demonstrate antibacterial activity 

against Pseudomonas aeruginosa and Staphylococcus aureus; however hospital 

isolates 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 bum 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 

Silver Nitrate

Silver lactate 
Silver picrate 
Silver citrate

Silver arylsulphonate 

Silver protein complexes

Silver halide solutions 

Colloidal metallic silver

Uses

Topical antimicrobial agent - bums, ulcers, prevention o f eye 
infection, bladder and urethra infection (1930s and 1960s).

Antiseptic for dusting wounds, 
mixed with talc, boric acid and
kaolin. Used also for treatment o f vaginal trichomoniasis and 
candidiosis, (1970s).

Topically as cream for bums, ulcers and pressure;- sores (1960s).

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

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

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 bum wounds.

This compoimd 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 a l 1970, Snelling et a l 1978, Lowbury et a l 

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 c /ût/. 1969).

Silver sulphadiazine was found to act against a broad range o f organisms 

including many bacteria, viruses, for example, herpes (Tockumaru et a l 1974), 

fungi, for example, Candida albicans (Wlodkowski and Rosenkranz 1973), and 

Protozoa for example Treponema pallidum (Chang et a l 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 bum 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 a l  1969, Fox et a l 1977, Carr and Rosenkranz 1973, 

Modak and Fox 1973, Fox and Modak 1974, Fox 1978, Rosenkranz and Carr 1972, 

Rosenkranz and Rosenkranz 1972).
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Research on the long term effectiveness of 1% Silver sulphadiazine cream use in 

bum 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 

bums and the conversion rate of deep dermal bums to full thickness to 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 bum was established the silver sulphadiazine 

performed less well thus leading to the dmg 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 bumed mice skin infected with either silver sulphadiazine 

sensitive or resistant strains o f Pseudomonas aeruginosa.

The combination of silver sulphadiazine with quinolones used as a topical agent 

in bum wounds showed that lesser amounts of the drug were needed to control 

infection (Modak et al. 1988). The effectiveness of combination of silver

1 0
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sulphadiazine with Cyclosporin A was tested out on infected and normal skin 

allografts in bumed and unbumed 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 et 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 et al. 1993). Wound dressings impregnated with 

a combination o f silver sulphadiazine and poly- L-leucine was found to show 

effective bacterial control on experimentally infected wound surfaces against 

Pseudomonas aeruginosa on the dorsum o f 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 <2 /. 1996) Cytotoxicity to 

human fibroblasts and human epidermal kératinocytes 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 o f 1 % 

silver sulphadiazine cream alone (Kuroyanagi et 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 1 1 .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),

AgNOg 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 et 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

12
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in the tissue being assured. Electrically generated silver ions have shown to be 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

13
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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 1 0  ̂

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 <1.25pg/ml of silver and 

sterilised at a level of bactericidal concentration achieved with electrically 

generated silver ion 10.05pg/ml 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 o f free 

chlorine ions while providing comparable sanitary quality o f 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

14
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(?y\Qetal. 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 et 

a i (1992) who also showed that the effectiveness of silver appeared to be 

reduced by the NO3  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 

a i 1987).
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1.2.4 Use of Ag, AgNOj 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%

Ag2 S0 4  the mortality rate was 2 2 % 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 er a/. 1982).

The effectiveness of the PMM composites with AgCl, Ag-AgCl, AgjO, AgzSO^ 

and AggPO  ̂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 Ag2 SÛ4  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 et al. (1988) PTFE, 

(polytetraftuoroethylene) 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 Wassail et 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 o f 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 etal. 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 

(Aheam et 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 al. 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 o f 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 isolates of Staphylococcus 

epidermidis and Staphylococcus aureus (McClean et al. 1993). The bacterial 

growth in this instance had been shown to be significantly lowered at 1 0  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 et al. 1995).
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1.3 Effects of Silver in Man

1.3.1 Argyrosis

Repeated exposure to silver salts or colloidal silver by inhalation or ingestion 

brings about effects described as arg>Tia. Arg>Tia is characterised by a grey-blue 

discolouration of the skin and mucous membranes most pronounced in areas 

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 o f ionic 

silver by a photochemical reaction; this leads to the discolouration of the 

affected areas (Holzegal 1970).

Arg>Tosis of the respirator}' tract, liver and the gastrointestinal tract has been 

reported and it is thought that this may be associated with the clinical symptoms 

of chronic bronchitis 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 s>'mptoms. The dosage 

required to induce arg>TOsis was found to be between Ig and 30g o f soluble 

silver salts and between Ig and 8 g 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- 

brain 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 6 8 ± 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 

0.001 mg/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 . 1 1  mg/kg in faeces.

Tissue weight mg/kg Reference

kidneys 0.4 Indraprasit et al. (1974)

liver 0.7 dry weight Indraprasit ef a/. ( 1974)

spleen 2.7 dry weight Indraprasit et al. ( 1974)

skin 0.035 + 0.015 dry weight Schropl etal. (1968)

liver 0.006 ± 0.002 wet weight Hamilton etal. (1972)

kidney 0.001 ±0.002 wet weight Hamilton etal. (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 etal. (1966)

Ta )le 1.2. Concentration oi 'Silver in Tissues and Biological Fluids

in Normal People

However, it is considered that lOg o f 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 50mg 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 ei 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 o f 11.3pg/l and 92% were found to have a raised 

mean level of l.Opg/IOOml 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 fimction. The rise of NAG above normal limits is 

thought to be a possible indicator o f 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 o f a toxic effect 

o f silver on the kidney.

In a severely bumed 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 bum wound and in patients with 

60% bums, the mean peak silver excretion in the urine was found to be 

1100pg/24hour (normal, <lpg/24hour). Silver levels in the serum were found to 

be elevated in two-thirds of the patients by 2  weeks after the bum injury, 

although this was not a significant result in comparison to the urine absorption 

of the silver ion (Boosalis et 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 a i 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 o f the prosthesis indicating silver to 

be the cause of reversible neuropathy.

Table 1.3 shows concentration of silver in faeces of patients with bum wounds 

after treatment with compresses soaked in 0.5% silver nitrate, from a study 

carried out by Cravens et al. (1969).

Patient’s Number Silver level mg/kg wet faeces

1 7
2 1.9
3 9.3
4 54*
5 1.3

* silver nitrate contamination o f  faecal specimen 
Table 1.3. Concentration of silver in faeces from patients treated with 

0.5% silver nitrate (Cravens er <2 /. 1969)
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1.3.2 Effects of Silver in Higher Animals

About 90% of the dose of the radioactive silver salts administered by oral, 

intravenous or intraperitoneal routes to mice, rats, monkeys and dogs was found 

to be eliminated via the faeces. 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 0.5 pm . 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 1 0  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 hyperchromie type of anaemia was also found to also develop 

(Peterson and Jensen 1975). Hepatic necrosis and alteration in the ultrastructure 

oflyso zymes 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 o f 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 et 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 et 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 o f anodically generated silver ions on mouse bone marrow cell 

population after 18 hours in culture was investigated by Berger et 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 Torulitis 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/1 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 o f lOmM 

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 2 0  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 o f 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. lmg/1 or less of the compounds were 

required to prevent the growth of Chlorella but lmg/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 lOmg/ 1  and 8 mg/l 

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 8 mg/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 lOOmM (Charley and Bull 1979). Pooley 

(1982) noted that silver was precipitated in the form of small granules o f 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 3ywg/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 o f 

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 bum wounds were treated with 0.5% 

AgNOg 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 Salmonella 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  ̂^g/ml and 

Total Ag content ^g/ml in Freshly Made Up Silver Nitrate 

Solutions and in Nutrient Broth.

2.4.13.2 Determination of Total Silver Content (pg/mg ) in SAM,

CLED and Nutrient Agar Plates.
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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
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2.5.4 Biochemical tests for Identification of Strain Ps231 as 
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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.

2.5.6 Resistance to Silver Nitrate in Ag-r, Ps231 and NCTC 10662 
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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 o f 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-lOOpl 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-iodine 

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 g/1

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/I and nutrient agar (Lab M) was used at a concentration of

28g/l 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

A1 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/l 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 

37^3 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; lOOpl of overnight culture was 

used as inoculum 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 20pl 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.T.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 0.45pm pore size filter 

and oven dried to a constant weight at 1 lO^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 o f silver ranged from 0.2pg/ml to lOOOpg/ml. Each flask 

was inoculated with 100 pi 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 2xl0^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 2TC  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 for 

48 hours. An inoculum of 2xl0^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

I

Subcultured in presence of 3, 4, 5, 6  or 7 Ag metal 

discs in nutrient broth at 3TC  for 48 hours

II

3xl0^cells/ml from culture with 6  Ag metal discs subcultured in 

presence of 0.2, 1.25, 2.5, 5.0pg/ml silver nitrate

II

Inoculum from culture at 5.0 pg/ml silver nitrate subcultured in 

presence of 10, 20, 50, 100 pg/ml silver nitrate

I

Inoculum from culture at 100 pg/ml silver nitrate subcultured in 

presence of 100, 500, 1000 pg/ml silver nitrate

II

Strain regularly subcultured until growth on 

SAM plates achieved at 1000 pg/ml silver nitrate

I

Silver resistant strain selected out from a wild 

type gentamicin resistant Pseudomonas aeruginosdi 

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 3TC  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 lOOpg/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 2 x l 0 '*cells/ml and 0 . 0 2  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 2xl0^cells/ml and SAM plates were 

swabbed evenly with each strain. Four sterile filter paper discs were placed 

aseptically onto each plate and lOpl of silver nitrate solution ranging from 

0.3mM to lOOmM 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 2 0  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 1 0 ^̂ cells/ml and 

0 . 0 2  ml of the culture was pipetted into the test tubes containing silver nitrate 

solution in nutrient broth starting at a concentration of lOOmM. 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 2 0  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 HjO. Throughout 

my study, a freshly made up solution of AgNO^ o f SOOOppm 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 (^g/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. Inm; acetylene- air mixture, 13.5/3.85 1/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 3.0pm 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 1-2pm 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 lOpg/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 1000pg/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 16pg/ml, for the 

NCTC 10662 strain it was 2 pg/ml and for Staphylococcus aureus (Oxford) it 

was 2pg/ml. The standard MIC for NCTC 10662 is 1 pg/ml and for 

Staphylococcus aureus (Oxford) it was 0.3pg/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 40 pg/ml 

and for the Ps231 strain of Pseudomonas aeruginosa it was <2.5 pg/ml.
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Figure 2.2 Gram stained cells of Ps231 Ps.aeruginosa control cells M y.  ̂ X 3Zoo

%

Figure 2.3 Gram stained cells of Ag-r Ps.aeruginosa culture grown in lOOpg/ml Ag
MCL4  . -  V. U-OÛO
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Figure 2.4 Ps231 colonies of Ps.aeruginosa cells grown on CLED medium
MAj. yz
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Figure 2.5 High magnification of Ag-r cells grown in CLED with lOOOpg/ml Ag. Colonies 
are smooth circular and pigmented dark brown to almost black due to accumulation of silver 

Moû .̂ X2

f

Figure 2.6 High magnification of colonies of Ag-r cells of Ps.aeruginosa grown in 
4000pg/ml Ag in CLED.

M a j  X 2.
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2.5.4 Biochemical tests for identification of strain Ps231 as Pseudomonas 
aeruginosa

Motility RT +

Growth RT +

Production of green pigment +

Catalase production +

+

+

+

Mamitoc ASS + 

Salicin ASS - 

Trehalose ASS -

Xylose ASS + 

Ethanol ASS + 

Fructose ASS +

Oxidase 

H & L O X I O  

Nitrate reduction 

Glucose ASS* +

Adonitol ASS - 

Maltose 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 -

H2 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
type

zone sizes 
(mm) to Ag 

discs

mean zone 
(mm)

SD SEM zone sizes 
(mm) to 

Ag- 
coated 

catheters

mean
zone
(mm)

SD SEM

Ps.aenig. 
wild type 

strain

8.3 X 15; 
8 x 3 ;  

8 .5 x 2

8.27 0.12 0.02 32x 14; 
31.5x5; 

34.5

32 0.61 0.13

NCTC
10662

16x5; 
16.5 X 15

16.37 0.21 0.04 Sensitive — — —

S.aureus 16.7; 16.8; 
16 X 15; 
15.5x3

16 0.3 0.06 Sensitive — — —

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±2 X 0.02 “ 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

[AgNOj] mM Ag-r Ps. aeruginosa 
zone sizes (mm)

mean zone (mm) SD SEM

0.3 Resistant — — —

0.6 Resistant — — —

1.25 Resistant — — —

2.5 Resistant — — —

5 Resistant — — —

10 6.5x10; 7x5; 6x5 6.5 0.36 0.08

20 8.5x10; 8x5; 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; 
12.3x6

12.5 0.19 0.04

[AgNOj] mM Ps231 Ps. aeruginosa 
zone sizes (mm)

mean zone (mm) SD SEM

0.3 16.5x10;16x6; 17x3; 
18

16.5 0.48 0.1

0.6 16.5x15; 16x5 16.5 0.22 0.04

1.25 18.5x8; 19x10; 20; 22 19 0.79 0.17

2.5 18x10; 18.5x2; 
17.5x3; 18.1x5

18 0.26 0.05

5 18.5x10; 18x5; 19x5 18.5 0.36 0.08

10 22x12; 22.5x3; 
21.7x5

22 0.25 0.05

20 22x10; 22.5x5; 
21.5x5

22 0.36 0.08

40 22x14; 22.5x3; 
21.5x3

22 0.28 0.06

80 24x12; 24.5x4; 
23.5x4

24 0.32 0.07

100 26x9; 26.5x4; 
255.5x5; 26.3x2

26 0.35 0.07

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

[AgNOj] mM NCTC 10662 
Pseudomonas 

aeruginosa zone sizes 
(mm)

mean zone (mm) SD SEM

0.3 16.5x15; 16x4; 18.5 16.5 0.51 O il

0.6 16.5x10; 16x5; 17x5 16.6 0.36 0.08

1.25 19.5x15; 19x3; 20.5; 
20

19.5 0.32 0.07

2.5 19.5x10; 19x5; 20x5 19.5 0.36 0.08

5 20x5; 20.5x10; 24x5 21.3 1.64 0.36

10 22x10; 21.5x5; 
22.5x5

22 0.36 0.08

20 22.5x15; 22x4; 24.5 22.5 0.51 O il

40 24x10; 24.5x5; 
23.5x5

24 0.36 0.08

80 25.5x5; 26.5x5; 
26x10

26 0.36 0.08

100 26.5x10; 26x5; 27x5 26.5 0.36 0.08

Table 2.4 Resistance to silver nitrate in Ag-r, Ps231 and NrcTC
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 o f 16.5mm to 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 lOOmM of

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

nitrate up to the concentration of 5mM, and displayed half the zone of inhibition

to lOOmM in comparison to the Ps231 and NCTC 10662 Pseudomonas

aeruginosa. From the standard deviation and the standard error o f 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 lOmM AgNO  ̂will lie between 6.5 ±2 x 0.08 = 6 . 6 6  and 6.34mm;

zone sizes to 20mM AgNO  ̂will lie between 8.5 ± 2 x 0.08 = 8 . 6 6  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 lOOmM 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 zone sizes (mm) mean zone 
(mm)

SD SEM

Wild type Pseudomonas 
aeruginosa BEFORE 

subculturing in AgN03

32x12; 32.5x4; 
31.5 x4

32 0.324 0.073

Wild type Pseudomonas 
aeruginosa in process of 

becoming silver resistant in 
early stages

28x15; 28.5x5; 28.1 0.222 0.049

Wild type Pseudomonas 
aeruginosa in process of 

becoming silver resistant in 
later stages

19x10; 18.5x5; 
19.5x5

19 0.362 0.081

Wild type Pseudomonas 
aeruginosa totally resistant to 
silver after serial subculturing

Resistant — — —

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 lOOOpg/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.

[AgNOjJ 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 2.2

10 0.15 0.5

5 0.13 1.6

Table 2.6 Analysis of Ag^ and total Ag pg/ml in freshly made 

AgNOg in double distilled water.
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m

Figure 2.7 Wild type Ps.aeruginosa Ps231 strain plated out on SAM showing zone sizes to 
silver metal discs of 40, 50 and 44mm x I . 14

T ^ V ^ ^ >.y

 ̂ * r'

Figure 2.8 Ps231 strain of Ps.aeruginosa subcultured in NB with metal discs and plated 
out on SAM showing zone sizes to silver metal discs of 25,30 and 30mm and small 
colonies of Ag-r cells growing at the periphery of zone of inhibition. M /y. x / . I.
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Figure 2.9 Ag-r cells of Ps.aeruginosa cells plated out on SAM with 400ppm Ag showing 
growth of sparse colonies with no inhibition to silver metal discs. ■ X I. I
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j ®

Figure 2.10 Ag-r cells plated out on SAM with lOOOppm Ag showing zone sizes to silver 
metal discs of 0mm but sparse growth of colonies of resistant variants on SAM. Moj . x /. i
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Nutrient broth (NB) Ag^Hg/ml Total Ag pg/ml

NB control (no Ag) 0 .0 1 0.05

NB + lOOOppm Ag 0 .0 1 780

NB + 400ppm 0 .0 1 295

NB + lOOppm 0 .0 1 77

NB + 50ppm 0 .0 1 34

NB + lOppra 0 .0 1 6.5

NB + 5ppm 0 .0 1 0.5

NB + 2.5ppm 0 .0 1 2.8

Table 2.7 Analysis of Ag^ and total [Ag] gg/ml in nutrient broth

[AgNOj] ppm
+)lg/llg

T otal A g T otal
A g

Ag+
)ig/m g

T ota l
A g

SAM agar plates Nutrient agar 
plates

CLED agar
plates

1000 0 .0 1 560 0 .0 1 525 0 .0 1 530

400 0 .0 1 218 0 .0 1 200 0 .0 1 210

100 0 .0 1 52 0 .0 1 37 0 .0 1 34

50 0 .0 1 22 0 .0 1 20 0 .0 1 20

10 0 .0 1 8.5 0 .0 1 0.19 0 .0 1 5

5 0 .0 1 0.7 0 .0 1 0.07 0 .0 1 0.4

2.5 0 .0 1 4 0 .0 1 0.05 0 .0 1 0.05

Control (no 
added Ag)

0 .0 8 0.03 0 .0 5 0.03 0 .0 1 0.03

Table 2.8 Analysis of Ag^^and total [Ag] ng/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 3 , AgjO and Agi to metallic silver ^vith a

fungal isolate from this source reducing silver by production of volatile reducing

materials such as methylamine and dimethylamine (Klein et al. 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, fi'ee 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 et ûf/.(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 bum 

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% AgNOj solution for bum 

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 o f up
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to lOOmM of silver (Charley and Bull 1979).

Strains of Serraiia. 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 E.coli 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.

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 bum wounds have led to the emergence of 

gentamicin and/or silver resistant Salmonella 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 Salmonella 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-r / 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 from 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 2xl0^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 pi of the test solution was dropped onto each disc. The plates were 

incubated overnight at 3TC  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 3xWcells/ml and this 

inoculum was used to swab the DSTA plates as evenly as possible using a sterile 

swab. MASTring 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 2 0  samples each / antibiotic 

tested. The MICs to these antibiotics were not carried out using the tube dilution 

method.

3.2.4.1. Resistance to p-lactam antibiotics

The Ag-r and Ps231 cells were tested for presence of p-lactamase enzyme. 

Resistance to p-lactam antibiotics such as penicillins and cephalosporins is due 

to p-lactamase enzyme usually carried on a plasmid or R-factor. The presence of 

this enzyme is detected by using nitrocefin, a cephalosporin. The P-lactamase 

enzyme hydrolyses the amide bond in the p-lactam ring of nitrocefin by 

changing the colour from yellow to red.

A solution of nitrocefin was made by dissolving lOmg of the cephalosporin in 1 

ml of dimethylsulphoxide (DMSO) 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 2»TC. 

The colonies were then picked from the agar plates and resuspended in 100 pi 

TE buffer composed of 50mM Tris, 50mM NazEDTA solution, 5% Dow 

Coming Antifoam emulsion and 0.1 mg xylene cyanol. Then 25 pi of IM NaOH 

saturated at 20°C with SOS was added to the suspension. The mixture was 

inverted 2 0  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 1 0 0  to 2 0 0 pl of the samples were collected into 

sterile vials. About 40pl of plasmid DNA was pipetted into a sterile Eppendorf 

vials to which 5 pi 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 pi to 40 pi samples 

were loaded directly into a slot of agarose gel and about 20 pi 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 NujEDTA and 89mM boric acid). Electrophoresis 

was carried out for 60 minutes at 2 0 0 v 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 et 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 ZTC. The culture was diluted to 3xl0^cells/ml 

and 0 .2 ml of this inoculum was pipetted in nutrient broth containing the curing 

agents in the required concentrations. The tubes were incubated for 48 hours at 

3TC. 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.
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3.2.8 Transfer of Silver Resistance

The conjugation method used here was the one used by McHugh et a l (1975). 

The recipient strains had the following genotypes:

(i) Pseudomonas aeruginosa strain 1381 caflazidine-resistant, silver sensitive.

(ii) Pseudomonas aeruginosa strain PA025 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 3TC. 1 ml quantities of the donor and the 

recipient cells were mixed and then passed through a sterile 0.45pm 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 30pg caftazidine, 150pg 

tetracycline and 75pg ticarcillin. The colonies growing on these SAM plates 

were transferred onto SAM plates containing 50,100 and 200pg of silver nitrate 

using the plate replica method, and incubated at 3TC  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 
zone size (mm)

MIC to metal ion 
fig/ml

Mean zone (mm) SD SEM

IMNaAsO^ 17.5x10*; 18x5; 17x5 >5 17.5 0.36 0.08

0.5M CoSO, 32.5X 10;32x5; 33x5 5 32.5 0.36 0.08

IMCuSO, 19x10; 19.5x5; 
18.5x5

>5 19 0.36 0.08

0.5M PbCHjOOH 16.5x15;16x5 1 16.4 0.22 0.04

0.07M HgCl, 24.5x10; 25x5; 24x5 >5 24.5 0.36 0.08

IM AgNO] 16.5x5; 16x15 >5 16.4 0.22 0.04

0.5M ZnSO^ 31x10; 31.5x5; 
30.5x5

<1 31 0.36 0.08

Ps231 cells Ps. aeruginosa

IM NaAsÜ4 22.5x12; 23x5; 
21.6x3

>10 22.5 0.43 0.09

0.5M C0SO4 27.5x14; 27x3; 28x3 <5 27.5 0.28 0.06

IMCUSO4 20.5x10; 22x4; 
19.5x6

>5 20.5 0.88 0.19

0.5M PbCHjOOH 13.5x15, 14x3; 
12.8x2

<1 13.4 0.3 0.06

0.07M HgClj 50x18; 49.5x2 >10 50 0.15 0.03

IM AgN03 29.5x16; 29x2; 30x2 <2.5 29.5 0.22 0.05

0.5M ZnSÜ4 50x17; 49.5x3 0.5 50 0.18 0.04

NCTC 10662 Psaeruginosa

1M NaAsO^ 22x6; 22.5x10; 
23.3x4

>10 22.5 0.46 0.1

O.5M C0SO4 35.5x12;35x4; 36x4 <5 35.5 0.32 0.07

lM CuS04 22x10; 23x5; 22.5x5 >5 22.4 0.42 0.09

0.5M PbCHjOOH 16x15; 16.5x5; <1 16.1 0.22 0.04

0.07M HgClj 22.5x15; 23x5 <5 22.6 0.22 0.04

1M AgNO] 29.5x12; 30x3; 
29.2x5

<2.5 29.5 0.25 0.05

0.5M Z11SO4 20x14; 21x3 ; 19x3 >2.5 20 0.56 0.12

* X  10 refers to the number o f samples with zone sizes o f  17.5mm.

Table 3.1 Resistance to Heavy Metal Ions 

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 2 0 , 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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isitivity to Ot 1er Antibiotics
[Antibiotic]
Hg/Mastring

Ag-r cells
initial zone sizes (mm)

Mean zone (mm) SD SEM

amikacin (30) 12x14; 12.5x6 12.2 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

caftazidime(30) 25.5x5; 25x15 25.1 0.22 0.04

ticarcillin (75) 25x10; 24.5x5; 25.5x5 25 0.36 0.08

tobramycin ( 10) Resistant -- — —

collistin (25) 17x15; 17.5x5 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 0.22 0.04

tobramycin ( 10) Resistant — — —

collistin (25) 16x15; 16.5x5 16.1 0.22 0.04

mezlocillin (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

caflazidime(30) 27x15; 27.5x5 27.1 0.22 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 — — —

able 3.2. Sensitivity to Other Anti )iotics
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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 o f 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 2 0 , 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 P-lactam antibiotics

A strong red colour was obtained in the colonies of the Ps231 cells indicating 

the presence of p-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 p-lactam ring by the P- 

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 

subculture

44.5x15; 45x5 44.62 0.22 0.05

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

From the standard deviation and standard error o f 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 x 2.05 ~ 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 o f 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 pkkl(C) and pkk2 (D) with a total length of 74.6 

kilobases and 11.3 kilobases respectively. The molecular weight of the largest 

plasmid, pkkl, 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  o f 

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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Figure 3,1 Zone sizes to silver metal discs on SAM of fully resistant cells of Ps.aeruginosa 
after repeated subculturing in absence of silver ions for 12 months in nutrient broth. Zone 
sizes measured at 32, 28 and 26mm X I I

Figure 3.2 Colonies of Ag-r cells in process of becoming sensitive to silver plated on 
CLED after repeated subculturing in absence of silver. Colonies are small, smooth and 
circular and coloured brown due to accumulation of silver within the cells. Hx/ j . A' Z
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Figure 3.3 Agarose gel showing separation of Ag-r plasmid from Ag-r cells 
of Ps. aeruginosa.

Lane 1 : Ag-r strain of Ps. aeruginosa in my study showing (A) supercoiled 
form of DNA and (B) open circular plasmid present in this strain 
Lanes 2 and 4: Strain AG259 Ps. Stutzeri showing (C) pkkl open circular 
plasmid and (D) pkk2 open circular plasmid.
Lane 3: Ps231 control cells of Ps. aeruginosa showing (A) supercoiled 
form of DNA.
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3.3.5 Curing of silver resistance
[curing agent] (ig/ml* Ag-r Pseudomonas aeruginosa Ag 259 Ps.stutzeri

No of colonies tested No of colonies tested

tested cured* * net
curing
rate%

tested cured net
curing
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 0 — 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 1 0 0 % 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 p-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-r cells. The resistance to p-lactam antibiotics is believed to be targeted 

outside the cytoplasmic membrane based on an efflux mechanism ( Li et 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 o f 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 Pseudomonas 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. 

Aimear et a l (1976) have shown that on repeated subculturing, a silver resistant 

clinical isolate of Enterobacter cloacae, in the absence of silver ions, became 

silver 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 a l (1984), iso\2lQà 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 bum 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 

pMGlOl isolated by McHugh et al. (1975) from the Salmonella typhimurium 

responsible for encoding a proton coupled efflux transporter system in these 

silver resistant bacteria.

Nakahara et <2 /. (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 

pKKl 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 BL8 8  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 et 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 dodecyl sulphate. The
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plasmid bearing strain AG259 Pseudomonas stutzeri (Haefeli et a i 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 o f 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
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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 o f 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, \i \vith 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 (?) present 

at time t. Mathematically this can be expressed as :

dP /dt=-\iP  (I)

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 p during a 

particular time interval. Equation 1 must be integrated and rearranged: 

\ i=( lnP- lnPo) /( t - t f^  (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=[(ln 2) ( t - t  o)J/ (In P- In PJ.  (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;

(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 ofPs231 culture were sterilised on initial exposure to 0.2pg/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 phase; 
c: stationary phase; 
d: death phase.
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cells were finally subcultured in lOOOpg/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 

|ig /ml silver. The flasks were inoculated with approximately 1.5 x 10̂  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 0.45pm 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

91



________________________________________________________ Chapter 4

prior to drying the cells. The cells were digested in a 2:1 mixture o f 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 on the growth curves of Ag-r cells 

Growth cultures of Ag-r cells in the presence and absence of lOpg/ml silver 

were set up as described in Chapter 2. O.OSmM ZnSO^ , O.OSmM FeSO^ and 

O.OSmM CUSO4  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.

92



Chapter 4

4.3.1.1 Percentage cell death, specific growth rate and division time of cells 
at various concentrations of silver

[Ag]&

Subcultu 
re No.

Mean 
specific 

growth rate 
O ih r ‘)
+ SD*

Mean 
division 

time 
(dt b r ‘) 

+SD

Mean
length

lag
phase
(hr)
+SD

Mean span 
of

exponential
phase
(hr)

Mean mass 
cell

Mean % cell 
death within 
first hour of 

exposure to Ag 
+SDwet weight 

(pg/ml) 
+SD

dry weight 
(pg/ml) 

+SD

[0 .2] sub 
1

— — — — 0.09±002 0.04±0.002 37.5±0.24

sub 2 — — — — 0.12±0.015 0.08±0.002 26.6±0.22

Sub 3 0.06±
0.002

11.6±
0.0047

7±0.2 7-13 0.38±0.12 0.26±0.03 28.3±0.04

Sub 4 0.24±
0.004

2.9±
0.0047

6±0 6-7 0.84±0.32 0.72±0.34 12.4±0.05

Sub 5 0.06±
0.002

11.6± 
0.0047

5±0 5-20 1.78±0.65 1.26±0.46 11.1±0.05

Ps231
control

1.63±
0.004

0.43±
0.009

2±0.2 3-15 2.45±0.02 2.14±0.79 T 3±0.08

[1.25] sub 
1

0.095±
0.07

1.29±
0.004

10±0.2 10-12 0.04±0.003 0.009±0.81 55±0.47

sub 2 0.09±0.07 7.29±
0.004

7±0.2 7-13 0.35±0.003 0.31 ±0.004 30.5±0.23

Sub 3 0.42±
0.009

1.65±
0.004

13±0.2 13-15 0.56±0.09 0.37±0.03 25.5±0.23

Sub 4 1.762±
0.01

0.39±
0.004

5±0.2 5-15 1.05±0.29 0.98±0.29 r 2.2±0.09

Ps231
control

1.268±
0.007

0.55±
0.004

5±0 5-15 2.60±0.88 2.24±0.77 Î 3±0.08

[2.5] sub 
1

— — 7±0 7 0.08±0.002 0.03±0.004 38.9±0.36

sub 2 0.05±
0.004

13.8±
0.009

9±0.2 9-25 0.55±0.003 0.32±0.14 25.6±0.26

sub 3 0.69±
0.004

1 ±0.0047 7±0.2 9-20 0.79±0.004 0.41±0.16 26.7±0.08

Ps231
control

1.44±
0.004

0.48±
0.009

3±0 11-15 2.87^0.009 2.64±0.004 1 3i0.08

[5] sub 1 — — — — 0.24±0.04 0.2±0.008 37.2±0.14

Sub 2 0 .11±
0.008

6.3±
0.009

7±0.2 7-15 0.35±0.003 0.31±0.05 30.2±0.08

sub 3 0.13±
0.004

5.04±
0.0047

7±0.2 7-13 0.76±0.006 0.53±0.005 30.2±0.08

Table 4.1 
continued....
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T able 4.1 continued

[Agl& 

Subcultu 
re No.

Mean 
specific 

growth rate 
Oibr ')
+ SD*

Mean 
division 

time 
(dt hr ') 

+SD

Mean
length

lag
phase
(hr)
+SD

Mean span 
of

exponential
phase
(hr)

Mean mass 
cell

Mean */• cell 
death within 
first hour of 

exposure to Ag 
+SDwet weight 

(pg/ml) 
+SD

dry weight 
(pg/ml) 

+SD

sub 4 0.98±0.004 O.71±0-Oltl 5*0 7-15 0.85*0.003 0.52*0.005 13.4*0.05

sub 5 1.26^0.004 0.55± 0-001/ 5*0 7-13 0.99*0.004 0.7%0.12 11.3*0.05

Ps231
control

1.18±0.004 0.59±
0 0 0 ^

3*0 7-13 3.21*0.016 3.05*0.02 I 3*0.08

[10] sub I 0.16±0.006 4.3±
0.0047

7*0.2 10-20 1.10*0.04 0.68*0.004 21.2*0.05

sub 2 0.39±0.13 1.78±
0.0047

6*0.2 10-15 1.32*0.1 1.12*0.22 4.1*0.02

sub 3 0.76±0 0.91±
0.0047

3*0.2 7-13 1.42*0.125 1.21*0.23 1.9*0.02

Ps231
control

0.69±0.004 1±0 1.5*0 7-15 3.34*0.89 3.15*0.02 1 3*0.08

[20] sub 1 — — — — 0.05*0.004 0 .02*0.002 40*0.48

sub 2 O.ldtO.008 6.93±
0.004

9*0.2 9-11 0.68*0.014 0.41*
0.0025

23.8*0.14

sub 3 0.54±0.004 1.28±
0.004

13*0.2 13-25 1.45*0.004 1.21*0.004 22.1*0.047

sub 4 1.34±0.004 0.52±
0.012

10*0.2 10-15 1.79*0.014 1.53*0.156 12.6*0.047

Ps231
control

1.35±0.004 0.51*
0.041

1.5*0 5-10 3.46*0.12 3.15*
0.0047

1 2.9*0.18

[50]sub 1 — — — — 0.06*0.002 0.04*
0.0047

56*0.47

sub2 0.118±0.004 5.9*
0.047

13*0.2 15-25 0.56*0.014 0.31*0.047 34.3*0.12

Sub 3 0.37±0.004 1.8*
0.047

10*0.2 11-20 0.68*0.014 0.42*0.047 18*0.24

sub 4 0.2li0.004 3.3*
0.047

5*0.2 5.35 0.95*0.047 0.75*
0.0047

9.49*0.0047

Ps231
control

1.09±0.004 0.64* 
0 004

1.5*0 5.15 2.95*0.047 2.41*
0.0047

1 3.2*0.047

[ 100] sub 
1

0.28±0.004 2.5*
0.047

7*0 7-10 0.08it).002 0.05*0.004 53:t0.8i

sub 2 0.19±0.004 3.6*
0.047

11*0.2 11-25 0.56*0.09 0.32*0.73 27.9*0.47

Sub 3 0.18±0.004 3.9*
0.024

7*0.2 15-30 0.83*0.014 0.61*0.22 8.4*0.047
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Table 4.1 continued

[Agl& 
Subcultu 
re No.

Mean 
specific 

growth rate 
Orhr *)
+ SD*

Mean 
division 

time 
(dt h r ’) 

+SD

Mean
length

lag
phase
(hr)
+SD

Mean span 
of

exponential
phase
(hr)

Mean mass 
cell

Mean % cell 
death within 
first hour of 

exposure to Ag 
+SDwet weight 

(pg/ml) 
+SD

dry weight 
(pg/ml) 

+SD

Ps23I
control

0.72±0.004 0.96±0 2±0 10-20 2.89±0.014 2.51±
0.0047

I 4±0.47

[500] sub 
1

0.07±0.002 9.9±
0.047

15±0.2 15-25 0.56±0.047 0.31±
0.0047

40±0.24

sub 2 0 .1±0.02 6.9±
0.047

11±0 11-25 1.23±0.032 1.08±
0.0047

26.8±0.14

Sub 3 0.17±0.004 0 .86±
0.047

2±0 11-20 1.67±0.004 1.43±
0.0047

22.3±0.047

Ps231
control

0.81±0.008 0 .86±
0.047

2±0 11-20 3.21±0.008 3.12±0.04 I 3±0.47

[ 1000] 
sub 1

0.12±0.004 5.8±
0.047

7±0.2 7-15 0.42±0.004 0.28±
0.0047

43±0.47

sub 2 0.075±0.004 9.24±
0.041

5±0 10-25 0.68±0.004 0.49±0.002 43db0.82

sub 3 0.09±0.002 7.15±
0.041

5±0 13-20 0.97±0.012 0.72±
0.0047

39±0.47

Ps231
control

1.04±0.004 0.67±
0.008

2±0 10-15 3.56±0.004 3.21±
0.0047

I 3±0.41

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 2.5pg/ml and the Ps231 cells and at the very high concentration o f silver 

at 50, 100, 500 and lOOOpg/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 gg/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 1.25 pg/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 1.25pg/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 lOOpg/ml, Figures 4.8 and 

4.9) of silver to higher concentration of silver (500 and lOOOpg/ml, Figures 4.10 

and 4.11). At concentrations of silver ranging from 1.25pg/ml silver to lOOpg 

/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 lOOOpg/ml silver did not exhibit a true 

sigmoid growth curve but a long depressed growth pattern of lag/exponential
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Figure 4 2 Subcultures of Ag-r cells at 0 2pg/ml Ag
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Figure 4 3 Subcultures of Ag-r cells in 1,25vig/ml Ag
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Figure 4.4 Subcultures of Ag-r cells at 2 Sug/mi Ag
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Figure 4 5 Subcultures of Ag-r cells at 5 ng/ml Ag
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Figure 4 6 Subcultures of Ag-r cells at 10pg/ml Ag
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Figure 4 7 Sutxxiltures of Ag-f cells at 20 pg/ml Ag
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Figure 4 8 Subcultures of Ag-r cells at 50ug/ml Ag
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Figure 4 11 Subcultures of Ag-r cells at 1000pg/ml Ag
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phase (Figures 4.10 & 4.11).

On exposing the parent cells Ps231 to 0.2pg/ml silver, there was total cell death 

after 7 hours. On repeated exposure of viable cells from this culture to the same 

concentration of silver, the cells survived for periods greater than 1 0  hours 

( Figure 4.2). The occurrence of extended lag phases was observed during the 

growth cycles of cells at the lower concentrations of 0 . 2  to 5pg/ml silver.

4.3.2 Rate of silver uptake

Rate o f silver uptake nmol/litre/min/mg/cells

Ps231 cells Ag-r cells at 
lOpg/ml Ag

Ag-r cells at 
SOpg/ml Ag

Ag-r cells at 
100|ig/ml Ag

Ag-r cells at
lOOOpg/ml
Ag

Ag alone 5.23 X 10-^ 1.37x 10^ 6.36 X 10-^ 3.64 X 10 4.08 X 10-^

Ag +
0.15mM
FCCP

l . l 2 x  10'^ 1.96 X 10"* 6.73 X W 6.54 X 10"* 7.69 X 10"*

Table 4.2. Rate of silver uptake 

The rate of uptake of silver followed over a 5 minute period after initial 

subculturing the cells was rapid and linear during the first minute (Figures 4.12 

to 4.16). There was an increase in the rate of uptake of silver in cells incubated 

with 0 .15mM FCCP (Table 4.2).

The rate of uptake of silver in cells pretreated with FCCP was twice as much in 

the Ps231 cells when compared with that o f the untreated cells, and in Ag-r 

cells grown in 10 pg/ml silver the rate of uptake was 1 Yi times greater in FCCP 

treated cells in comparison to untreated cells. In cells cultured at 50 pg/ml 

silver, there was no significant difference in the uptake, however, the amount of 

silver accumulated by the FCCP treated cells was almost twice the amount

1 0 2
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accumulated by the untreated cells in the first 5 minutes. The rate of uptake in 

FCCP treated Ag-r cells grown in 100 and 1000pg/ml silver increased to nearly 

twice that of the untreated cells at the relevant concentrations. The overall 

accumulation of silver by the Ag-r cells treated with FCCP was higher by nearly 

twice the amount of that accumulated by the untreated cells. In all the cultures 

treated with FCCP after 7 hours of growth the amount of silver accumulated 

increased during the rest of the growth on comparison with the untreated cells 

(Figures 4.17 to 4.21).

It would have been more appropriate to measure the uptake at 10 second 

intervals for the first 3 minutes to obtain specific rates of uptake of silver. Due 

to technical difficulties however this was not possible. The rate of silver uptake 

could only be measured at 1  minute intervals and was not linear and regarded 

as not a ‘true’ rate of uptake.

The uptake of silver in cultures of Ag-r cells was rapid in the first hour, after 

experiencing an initial cell death (Figure 4.22). There was also a gradual uptake 

of silver in Ag-r cells grown in higher concentration of silver. However as most 

of the subcultures experienced a percentage of cell death during the first hour on 

exposure to silver the amount of silver accumulated decreased with an overall 

decrease in the number of viable cell in these cultures. The amount of silver 

accumulated by Ag-r cells was less than ~ 40% in the first five minutes 

compared to the Ps231 cells exposed to silver. The overall amount of silver 

accumulated by the Ag-r cells appeared to be less than 50% in comparison to the 

Ps231 cells.
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Figure 4.12 Rate of uptake of Ag by Ps231 cells exposed to 0.2pg/ml Ag with 
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Figure 4.14 Rate of uptake of Ag by Ag-r cells In 50pg/ml Ag with & without 
FCCP treatment in the first 5 minutes on exposure to Ag
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Figure 4.16 Rate of uptake of Ag by Ag-r cells in 1000pg/ml Ag with & without 
FCCP treatment In the first 6 minutes on exposure to Ag
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Figure 4.17 Uptake of Ag by Ps231 cells exposed to 0,2ttg/ml Ag alone & treated with 
FCCP at 0 hours of growth. Cell death after 1 hour allowed measurement of Ag in the 
medium.
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Figure 4.18 Uptake of Ag by Ag-r cells in 10pg/ml Ag alone & treated with FCCP at 0 &
7 hours of growth.
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Figure 4,20 Uptake of Ag by Ag-r cells in iOOpg/ml Ag alone & treated with FCCP at 0 &
7 hours of growth.
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Figure 4.21 Uptake of Ag by Ag-r cells In 1000pg/ml Ag alone & treated with FCCP at 0 
& 7 hours of growth.
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4.3.3 Zone dimensions to silver discs

The plates were photographed (Figures 4.23 to 4.29) and with each successive 

subculturing, the zones to silver metal discs on SAM plates with the appropriate 

amount of silver, were reduced indicating an increase in resistance to silver in 

these cultures.

4.3.4 Effect of Zn Cu and Fe on the growth curves of Ag-r cells

culture type specific 
growth 

rate 
(Aihr ’ )

division 
time 

(dthr ’ )

length
lag

phase
(hr)

span of 
exponentia 

1 phase 
(hr)

cell mass % cell 
death 
within 

first hour 
of

exposure 
to Ag

wet weight 
(mg/ml)

dry weight 
(mg/ml)

(1) Ag-r cell 
alone

0.92db0.013 0.7510.12 110 2010.47 3.310.047 2.810.047 010

(2) Ag-r cells 
i/p lOpg/ml Ag

0.83±0.008 0.581
0.0047

110 2010.47 2.110.047 1.610.02 1010.94

Zn:+ + (1) 0.01 ± 
0.0047

6.231
0.0047

1010.24 1410.24 0.081
0.0047

0.0610.002 5.5510.04

Zn + (2) 0.013± 
0.0002

8.671
0.0082

710 810.235 0.0751
0.002

0.051
0.00047

8.310.047

Cu"" + (1) 0.3±0.008 0.2110.008 510.24 1510.24 0.0821
0.0009

0.0631
0.00047

010

Cu + (2) 0.0181
0.0002

38.11
0.0047

910.24 1010.235 0.0611
0.0014

0.0481
0.00047

10.610.9

Fe"" + (1) 0.0810.002 8.661
0.0047

310.24 1510.235 2.810.047 2.6510 010

Fe + (2) 0.5161
0.0026

1.3410.008 510 2010.235 2.410.047 2.1410.25 010

Table 4.3. Effect of Zn Cu and Fe on the growth curves of 
Ag-r cells

From Table 4.3 it can be seen that on addition of 0.05mM ZnSO^ to the 

Ag-r cells alone there is an initial cell death of 5.55%, the lag length is 10 hours 

with a low specific growth rate and a fairly high division time. When lOpg/ml 

silver is added to these cells, the initial cell death is slightly higher, at 8.3% and 

this culture also experiences the same growth pattern as the culture with Ag-r 

cells alone. The overall numbers of viable cells is lower than the control
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cultures of Ag-r cells grown in presence and absence of silver. In Ag-r cells 

incubated alone the cells tend to be unaffected by Cû + ions, although the 

specific growth rate is low compared to the culture and the resulting 

overall number of viable cells is low. However, in presence of silver, the 

combined effects of silver and copper tend to cause an initial cell death of 

10.6% within the first hour. Iron ions did not have an inhibitory effect on the 

Ag-r cells alone, however the overall number of viable cells in this culture were 

reduced when compared with the control cells (Figure 4.30).
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20 -  ■
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40

linic (hours)

(Agi in  Ag-r cells grown in 0 2ug'mi Ag 
[Ag] in  Ag-r cells grown in 1 25ug ml Ag 
[Agj in  Ag-r cells grown in 2 Sug ml Ag 
[ Ag] in Ag-r cells grown in 5ug,ml Ag 
[Ag] in .Ag-r cells grown in I Oug/ml Ag 
[Ag] in Ag-r cells grown in 20ug. ml .Ag 
[ Ag] in  Ag-r cells grown in  50ug, ml Ag 
[Ag] in Ag-r cells grown in lOOug'ml Ag 
[Ag] in Ag-r cells grown in 500ug'ml .Ag 
[Ag] in  Ag-r cells grown in I OOOug/'ml Ag 
I Ag] in Ps231 cells exposed to 0 2ug ml Ag

Figure 4.22 [Ag] ng / ml in Ag-r cells and Ps231 cells of Ps aeruginosa
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Figure 4.23 Ps231 cells subcultured in 2.5pg/ml Ag in nutrient broth and plated out on SAM 
with 2.5pg/ml Ag with zone sizes to silver metal discs of 30, 32 and 34mm . x 1.3

Figure 4.24 Ag-r cells subcultured in lOpg/ml Ag in nutrient broth and plated out in SAM
with lOpg/ml Ag with zone sizes to silver metal discs of 31, 28 and 22mm . > 1. 3
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Figure 4.25 Ag-r cells of Ps.aeruginosa subcultured in 50pg/ml Ag in nutrient 
broth and plated out on SAM with 50pg/ml Ag with zones sizes to silver metal 
discs of 13, 26 and 22mm . X / %
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Figure 4.26 Ag-r cells subcultured in lOOpg/ml Ag in nutrient broth and plated out on SAM 
with lOOpg/ml Ag with zone sizes to silver metal discs of 18, 19 and 20mm M ^ - X 1 3

Figure 4.27 Ag-r cells subcultured in 500pg/ml Ag in nutrient broth and plated out on
SAM with 500pg/ml Ag with zone sizes to silver metal discs of 14, 14 and 0mm . X / .2>
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s

Figure 4.28 Ag-r cells subcultured in lOOOpg/ml Ag in nutrient broth and plated out on SAM 
with lOOOpg/ml Ag with zone sizes to silver metal discs of 6 , 6  and 7mm Mag . x FI

%

Figure 4.29 Ag-r cells subcultured in lOOOpg/ml Ag in nutrient broth and plated out on
SAM with lOOOpg/ml Ag with zone sizes to silver metal discs of 0 and <5mm . x /
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Figure 4.30 Effect of Zinc. Copper and Iron ions on the Growth Cycle of Ag-r 
cells of Ps. aeruginosa.
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4.4 Discussion

The lag phase is a period during which cells enlarge in size without cell division. 

A lag phase is ‘true’ only when it is experienced by the whole population. That 

the lag length was reduced during repetitive subculturing at one concentration of 

silver was indicative of cells adapting to silver.

From results obtained in the growth curves in this study, it can be seen from the 

length of the long lag phase that only a small population of cells appear to be 

capable of cell division on exposure to silver. This small population may 

possibly represent the genetic variants being selected out. Copper resistance in 

Escherichia coli determined by plasmid pRJ1004 was found to be inducible by 

pregrowth at 0.4mM copper sulphate with the level of growth proportional to the 

inducing dose of copper (Rouch et al. 1985).

The lag phase of silver adapted Pseudomonas aeruginosa cells in my study for 

each successive culture is true as all cells survive after the initial exposure to 

silver. The long lag phase exhibited during the growth cycle may represent 

several factors responsible for the cells to survive on increasing concentrations 

of silver. These factors could range from chelation of silver ions in order to 

inactivate or reduce its concentration from the growth medium to the exclusion 

of silver ions from the cell itself.

All cultures showed slower growth rates initially in presence of Ag^ which 

increased on repeated subculturing at the same concentration of silver indicative 

of an inducible resistance. Long lag phases are indicative of presence of 

inhibitors in the growth medium and have been observed in Escherichia coli
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(Mitra and Bernstein 1984) growing in presence of cadmium and in marine 

Pseudomonads (Kdi]m\ et al. 1992).

Studies on silver resistant Enterobacter cloacea (Annear et al. 1976) revealed 

that silver resistance was expressed after acclimatization of the cells and only 

when silver ions were present in the medium. Similar observations were made in 

my study with the Ag-r Pseudomonas aeruginosa cultures. The cultures also 

showed slower growth rates in the presence of silver and the number of viable 

cells decreased after a long lag phase. It has been proposed by Deshpande and 

Chopade (1994) that specific surface receptors on Acinetobacter baumannii 

BL8 8  may be binding silver ions and that the resultant lag phase may be 

essential to dilute out the sensitive surface receptors to be replaced by those 

inhibiting the entry of Ag^ by chelating them. The occurrence of extended lag 

phases was observed in cultures of Ag-r cells at the lower concentrations of 

silver of 0.2 to 5pg/ml silver. This may possibly be due to saturation of surface 

receptors by silver ions which then may explain the slow growth rate and the 

inducibility of Pseudomonas aeruginosa in the presence of silver in my study. A 

similar phenomenon has been explained by Smith (1967) for resistance in 

bacteria to mercury, nickel and cobalt due to alteration in membrane 

permeability. Thiobacillus species are known to accumulate large quantities of 

silver by mere surface deposition (Pooley 1982).

In my study the accumulation of silver measured as ng/mg dry weight o f cells 

increased sharply with an increase in number of viable cells. The cultures grown 

in lower concentrations of silver between 0.2 to lOOpg/ml silver all accumulated
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silver at a rapid rate during the growth cycle. At concentrations of 500 and 

lOOOpg/ml silver, the amount of silver accumulated decreased even though the 

number of viable cells increased during the growth cycle indicating that silver 

ions are prevented from entering the cells. Immediate accumulation of silver 

after addition of silver nitrate to the growth medium has also been observed in 

fungi (Pumpel and Skinner 1986).

In all the cultures the effect of treating the cells with the uncoupling agent, 

FCCP resulted in a high increase in the accumulation of silver by the Ag-r cells. 

This was also observed for the Ps231 cells although the cells died due to 

poisoning effects of silver and FCCP. The de-energisation of the pH gradient 

across the cytoplasmic membrane which allows the to exchange for cations, 

on treatment with FCCP increased the levels of silver in both Ag-r and the 

parent strain Ps231 indicative of an efflux activity in these cells. That the Ag-r 

cells accumulated low levels of silver up to 7 hours of growth which then 

increased drastically on addition of FCCP to these cultures, was also indicative 

of an efflux pump operating in these cells. Li et a i (1997) found that in their 

cultures of Ag-r Escherichia coli the de-energisation of cells by CCCP resulted 

in an increase in the accumulation of silver in these cells. These researchers 

also added glucose to their ‘starved’ cultures which activated the efflux process 

in these cells. They also observed that the differences in accumulation levels in 

susceptible and resistant strains became smaller as the external concentration of 

silver was increased. This was also observed in my study in which the 

accumulation of silver by Ag-r cells at 100 and lOOOpg/ml silver was lower than
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that of cells cultured in low concentrations of silver. This can possibly be 

explained by the proposal made by Li et a i  (1997) that the influx of silver may 

overwhelm the efflux of silver with the silver efflux system becoming saturated 

at high external concentration of silver. The isolation of a silver resistant 54kb 

plasmid (pUPI199) from an environmental isolate of Acinetobacter baumannii 

BL8 8  transformed to cultures of Escherichia coli DHa showed an immediate 

accumulation of silver after addition of silver nitrate in the transformant 

Escherichia coli DHa The growth rate of the transformant Escherichia coli 

D//ûf(pUPI199), however, was slower when compared with Escherichia coli 

DHa. (Deshpande et a i 1994). These workers also reported that while 

Acinetobacter baumannii BL8 8  accumulated and retained the silver, the 

Escherichia coli DHa effluxed 63% of the accumulated silver. This action was 

attributed to the possible presence of plasmid coded specific surface receptors in 

these cells (Deshpande et a i 1994).

Pseudomonas aeruginosa FAO4068 has also been shown to accumulate four to 

fivefold more silver on pretreatment with lOOpM CCCP (Li and Williams 1997, 

unpublished data; personal communication). Li et a i (1997) have suggested an 

active efflux system of Ag^in wild type strains of Pseudomonas aeruginosa 

which is independent of the known multidrug resistance (MDR) efflux pumps of 

Pseudomonas aeruginosa. In my study, the data indicated that an efflux process 

for the Ag-r cells of Pseudomonas aeruginosa may exist and that the plasmid 

identified in Chapter 3 could be responsible for this process.

In my study in Ag-r cells of Pseudomonas aeruginosa, resistance to silver is in
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part achieved at very high external concentrations of silver by active efflux of 

the silver ions. Such resistance has also been reported to occur in Pseudomonas 

stutzeri (Slawson et al 1994). Multidrug efflux resistance pumps (MDR) 

involving effluxing of different substrates may be operational in the bacteria in 

my study.

On the effect of other heavy metal ions on the growth of Ag-r Pseudomonas 

aeruginosa, there was immediate cell death on exposure of Ag-r Pseudomonas 

aeruginosa cells to zinc alone (Figure 4.30) although the synergistic effect of 

zinc and silver was found to be more toxic to these cells than with either of the 

metal alone. Inhibition of the respiratory chain of Escherichia coli has been 

reported by Kasahara and Anraku (1972) who showed that ImM zinc ions 

inhibited succinate dehydrogenase activity by more than 70%. The presence of 

silver ions may prevent zinc ions from totally inhibiting the enzyme activity but 

may also slow down the metabolic activity of the cells. Zinc ions have been 

known to inhibit uptake and oxidation of citrate, glucose and alanine in intact 

cells of Pseudomonas aeruginosa (Eagon and Abseil 1969). Silver is known to 

have a less toxic effect than zinc and in this study may offer ‘protection’ to Ag-r 

cells from zinc ions by binding these sites competitively.

On the effect of copper ions on the Ag-r cells, the synergistic effect of silver 

and copper ions caused an initial cell death of 10.6 3% in the first hour. The 

cells that do survive on exposure to copper ions may be genetic variants of 

increased silver resistance and may possibly be afforded ‘protection’ by the 

silver ions. Another explanation is that silver which has the smaller ionic radii of
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0.126nm may competitively bind the cell surface receptors in favour of copper 

ions which have a larger ionic radii of 0 .196nm. Silver may also compete with 

copper ions for binding sites on Omp C which is a copper binding and utilising 

protein of the outer membrane in Pseudomonas aeruginosa (Yoneyama and 

Nakae 1996).

Silver injected into mice has been shown to interfere with copper utilisation in 

rats for ceruloplasmin synthesis ( Sugawara and Sugawara 1984). Silver may 

also inhibit copper activity on Ag-r cells of Pseudomonas aeruginosa by 

possibly interfering with the copper binding proteins of the electron transfer 

chain. Studies on azurin, a copper protein involved in bacterial electron 

transfer chain in Pseudomonas aeruginosa, showed silver to bind to azurin by 

total displacement of Cu(I) ion from its native binding site (Tordi et a i 1990). 

Copper, like silver is known to bind at specific sites on DNA. Antimicrobial 

activity of copper is related to oxidation of sulphydryl groups of enzymes (Hugo 

1987) which inhibits enzymatic activity and interferes with cell respiration 

(Domek et a i 1984 and 1987). In my study in the Ag-r cells a slight resistance to 

copper was observed as the cells were repeatedly subcultured in silver (Chapter 

3), indicative of possible selection of genetic variants amongst the cells that 

survived.

Iron does not appear to inhibit the growth of Ag-r cells but the specific growth 

rate was lower than that of the control cells indicating that the rate of cell 

division was decreased in the iron exposed cells. The combined action of iron 

with silver resulted in a great reduction of the numbei\viable cells in the culture
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exposed to both silver and iron, although the pattern of bacterial growth was not 

affected.

Iron may possibly be affecting the zinc enzyme, alkaline phosphatase by 

displacing it and thus interfering with the normal cell respiration functions.

Silver may also indirectly affect iron transport by damaging the absorption site 

of the iron siderophores. However, further experiments to monitor the levels of 

siderophores produced by these cells need to be carried out in cells cultured in 

high amounts of silver to verify this suggestion.

4.5 Summary

Silver was found to decrease the number of viable cells after a long lag phase. 

The cultures showed slower growth rates in presence of Ag^ indicative of an 

inducible property and selection of genetic variants able to resist toxic levels of 

silver ions in the growth medium. Repeated subculturing of Pseudomonas 

aeruginosa cells resulted in a decrease in the length of the lag phase. The level 

of resistance to silver increased on successive subculturing of silver adapted 

cells with an increase in concentration of silver ions in the growth medium. 

Uptake of silver ions in cultures of Ag-r cells is rapid within the first hour.

Silver uptake is gradual in Ag-r cells grown in higher concentration of silver and 

rapid in lower concentration of silver in the untreated cells. However as most of 

the subcultures experienced a percentage of cell death during the first hour of 

exposure, the amount of silver accumulated decreased with an overall decrease 

in the number of viable cell in these cultures. Overall, less silver appears to be 

accumulated by Ag-r cells. Evidence of a possible efflux pump operating in the
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cells exposed to extremely high concentrations of silver was observed to be 

present in the Ag-r Pseudomonas aeruginosa cells during studies with the 

uncoupling agent FCCP. The presence of silver ions may prevent zinc ions from 

totally inhibiting the enzyme activity but may also slow down the metabolic 

activity of the cells. Silver ions may create iron limiting conditions for cell 

growth in Ag-resistant Pseudomonas aeruginosa cells. Silver may also compete 

with copper ions for binding sites on Omp C which is a copper binding and 

utilising protein of the outer membrane in Pseudomonas aeruginosa.

The morphology of both the parent Ps231 and the Ag-r cells will be studied in 

Chapter 5 to determine the action of silver ions on and within these cells.
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Chapter 5 

Morphology of Bacterial Cells

5.1 Introduction

The last chapter indicated that silver was accumulated by Ag-r bacterial cells .

In this chapter the morphology of both Ag-r and the control Ps231 cells was 

examined at various stages of growth using transmission electron microscopy 

(TEM) to determine whether silver was immobilised and in what form by these 

bacteria. Scanning electron microscopy (SEM) was carried out on Ag-r 

Pseudomonas aeruginosa to study the morphology of the glycocalyx of Ag-r 

cells in presence of silver coated titanium pellets.

5.2 Material and Methods

5.2.1 Transmission electron microscopy (TEM)

Ag-r cells were grown with silver at 10, 100 and lOOOpg/ml silver in fluid 

cultures as described in Chapter 2. The control cells Ps231 were grown in both 

the presence and absence of 0.2pg/ml silver. At the lag, exponential and 

stationary phase of growth, all the cells were harvested by centrifugation at 

10,000 X g for 40 minutes at 4°C . The cells were washed in PBS and 

centrifuged at 3,000 x g for 10 minutes to wash off unbound, extracellular silver. 

This step was repeated and the cells were fixed as follows for TEM.
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5.2.1.1 Fixation

The fixation procedure used was a modification of the procedure used by 

Glauert (1975). The ceils were centrifuged for 15 minutes at 3,000g and the cell 

pellet was resuspended in a solution of the fixing buffer which was composed of 

2% buffered gluteraldehyde (O.IM sodium cacodylate buffer (pH 7.4) containing 

2mM calcium chloride) for 1 hour at Ô C. The cell mixture was then centrifuged 

at 3,000 X g for 10 minutes to obtain a cell pellet. The cells were post-fixed in 

1% osmium tetroxide in O.IM sodium cacodylate buffer (pH 7.4) containing 

2mM calcium chloride for 1 hour at 0°C. The cells were then washed in the 

fixing buffer and centrifuged for 30 minutes at 3,000 x g . This last step was 

repeated twice. The cell pellet was then dehydrated.

5.2.1.2 Dehydration

Dehydration was carried out using a modification of the method of Luft (1961). 

The cells were resuspended in 30% ethanol in water for 15 minutes which 

involved 5 minutes standing time and centrifugation of the cell suspension for 

10 minutes at 3,000 x g. The process was repeated using 50, 70 and 100% 

ethanol. The cell pellet was then resuspended in a 1:1 mixture of propylene 

oxide to Epon Araldite and left on rotation for 8  hours or overnight. The mixture 

was centrifuged at 3,000x g for 20 minutes and the cell pellet was transferred to 

100% Epon Araldite and left on rotation for 2 hours to mix. The mixture was 

centrifuged as before and the cell pellet was transferred to 100% Epon-Araldite 

in plastic embedding moulds and left to polymerise overnight at 65%̂ . The 

embedded resin was removed and sectioned using a diamond knife on an LKB
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Ultramicrotome. Sections were picked up on copper grids and stained with 2% 

uranyl acetate and examined without further staining by means of a Phillips 

EM400T electron microscope operated at 100 kev electrons.

Selected areas were analysed for silver using the PGT energy-dispersive x-ray 

detector. Fields for analysis were isolated by focusing the illuminating electron 

beam to the appropriate size to cover the feature in the TEM image. The 

specimen plane was tilted to 24  ̂to face the detector.

The sizes of any electron dense particles found to be present in the sections 

were recorded. The number of cells on or in which any electron dense particles 

were found to be present was also recorded at a magnification of x 16,000. A 

sample size of 5 grids each consisting of between 30 to 50 cells were viewed for 

statistical analysis of the Ag-r cells cultured at 10, 100 and 1000/^g/ml silver.

5.2.2 Scanning Electron Microscopy (SEM)

Ag- coated pellets of titanium were set up in Bijoux bottles containing nutrient 

broth which was inoculated with 1 x 1 O'* cells lm\Ag-x Pseudomonas 

aeruginosa. These pellets consisted of hollow cylindrical structures of titanium 

‘waisted’ in the middle and approximately 0.5cm wide and 2cm long with a 

coating of silver metal and were supplied by Johnson & Matthey. The cultures 

were rolled overnight and the pellets were processed for SEM as follows. After 

removing the pellets from the cultures the pellets were immersed in the fixing 

buffer and left to roll for 2  hours after which they were decanted and washed by 

rolling for 2 hours in a non-gluteraldehyde containing fixing buffer. The fixing 

buffer was decanted and the attached cell growth was dehydrated by rolling in
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50% ethanol for 15 minutes, followed by 70%, 90% and 100% ethanol changes, 

each with 20, 25 and 30 minutes rolling time in ethanol. The samples were then 

left in a mixture of 25% acetone and 75% ethanol for 15 minutes and taken 

through 15 minute changes each, in mixtures of 50% acetone and 50% ethanol, 

followed by 75% acetone and 25% ethanol and finally in absolute acetone. The 

last step was repeated twice and the samples were dried in a Polaron critical 

point drier prior to examination under JEOL 35C scanning electron 

microscope.

5.2.3 Negative staining and shadow coating of the cells.

Cells were harvested from liquid cultures of control cells and Ag-r cells grown 

in lOpg/ml silver and negatively stained as follows. A drop of bacterial 

suspension was placed on mesh copper grids and left to air dry for 30 minutes.

A drop of 1% phosphotungstic acid (pH 7.2), was dropped on the grid and 

removed after 30 seconds by touching the edge of the grid using a filter paper, or 

the samples were shadow coated with a thin layer of 6  - lOnm of carbon in an 

Edwards vacuum coating unit and examined under Phillips EM400T electron 

microscope operated at 1 0 0  kev electrons.

5.3 Results

5.3.1 TEM of Ag-r and control cells

Figures 5.1 to 5.36 show transmission electron micrographs of the bacteria grown 

in the presence and absence o f silver. Figures 5.37 to 5.39 show the electron 

micrographs of the negatively stained control cells Ps231 and of Ag-r cells of 

Pseudomonas aeruginosa. Figures 5.40 to 5.45 show the scanning electron

129



___________________________________________________________ Chapter 5

micrographs of Ag-r bacteria growing on Ag-coated titanium pellets.

5.3.1.1 Control cells Ps231 ( Figures 5.1 to 5.3)

Figure 5.1 shows the Ps231 cells during exponential and stationary phases 

respectively. The control cells were cultured in the absence of silver ions. Cells 

during various stages of cell division were observed in Figures 5.1 and 5.2. The 

glycocalyx matrix was observed surrounding the cells in the cells from the 

exponential phase of the growth cycle. Figure 5.2 shows the Ps231 cells during 

stationary phase. Cytoplasmic shrinkage from cell walls was observed resulting 

in ‘ghost’ cells. Central fibrillar formation of cytoplasmic material was also 

observed in some cells. The energy dispersive X-ray (EDX) analysis spectrum of 

the control bacterium (Figure 5.3b) can be seen in Figure 5.3a. The EDX 

spectrum showed signals of osmium and chloride ions to be present in electron 

dense aggregates of ~0.18pm long on the surface of control cells.

5.3.1.2 Control cells Ps231 ‘exposed’ to 0.2pg/ml silver ( Figures 5.4- 5.9) 

Figures 5.4 to 5.9 show the Ps231 cells exposed to 0.2 pg/ml silver. The cells 

appeared to be elongated during the lag phase in Figures 5.4 with increased 

cytoplasmic shrinkage from the cell walls during the exponential phase as 

shown in Figures 5.5 and 5.6. During the stationary phase, these cells showed 

accumulation of electron dense silver particles of approximately 0.005pm in 

length (Figure 5.7). In Figure 5.8, at a higher magnification, an electron dense 

particle of approximately 0.18pm in width was present within the cell 

cytoplasm. The Ag-sensitive Ps231 cell wall appeared to be a weakened and 

disrupted single layered structure of about 0.01 pm in thickness in Figures 5.7
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Figure 5.1 Ps231 cells of Ps.aeruginosa during exponential phase showing (A), (B) and (C) 
cells at various stages of cell division and (D) glycocalyx matrix 
Magnification x 18,000

#
Figure 5.2 Ps231 cells of Ps.aeruginosa during stationary phase showing (A) shrinkage of 
cytoplasm from cell wall and (B) a ghost cell without any cytoplasmic content 
Magnification x 31,200
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Figure 5.3a Ps231 control cell with no silver showing protrusion of cell membrane. 
Magnification x 84,270
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Figure 5.3b EDX spectrum of electron dense particles from Figure 5.3a showing presence 
of osmium and chloride ions from the staining solution.
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Figure 5.4 Ps231 cells of Ps.aeruginosa during lag phase exposed to 0.2pg/ml Ag showing 
(A) elongated cells and (B) shrinkage of cytoplasm from cell wall 
Magnification x 12,100

V

Figure 5.5 Ps231 cell o f Ps.aeruginosa exposed to 0.2pg/ml Ag showing (A) initial stages 
of cytoplasmic shrinkage from cell wall 
Magnification x 31,000
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Figure 5.6 Ps231 cells exposed to 0.2pg/ml Ag showing (A) increased shrinkage of 
cytoplasmic material during exponential phase.
Magnification x 3 1,000
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Figure 5.7 Ps231 cells exposed to 0.2pg/ml Ag during stationary / death phase showing 
(A) electron dense particles of silver within cell cytoplasm and convoluted cell forms 

Magnification x 29,000
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Figure 5.8 Ps231 cell of Ps.aeruginosa cell showing electron dense particle of silver within 
the cell cytoplasm and increased shrinkage of cytoplasmic material 
Magnification x 182,857
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Figure 5.9 Cell wall of a Ag-sensitive (Ps231) cell of Ps.aeruginosa The cell wall is a single 
layered structure and disrupted by effects of silver ions (AJ 
Magnification X 180,000
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and 5.8. The visible trilaminar structure of the cell wall in the control Ps231 

cells in Figure 5.2 during the stationary phase was recorded to be ~ 0.037pm in 

thickness. Figure 5.9 shows the trilaminar structure of the cell wall of the silver 

sensitive cells to be disrupted by the effects of silver ions.

5.3.1.3 Ag-r cells cultured in lOpg/ml silver( Figures 5.10 - 5.15)

Figures 5.10 and 5.11 show Ag-r cells during the lag phase. Most cells consisted 

of vacuoles densely packed ribosomal material and granular cytoplasm. The 

Ag-r cells cultured in lOpg/ml silver had the thick ‘normal’ trilaminar structure 

of the cell wall which was 0.03 to 0.04pm in thickness as seen in Figures 5.12 

and 5.15. All cells during the lag phase showed the presence of vacuoles 

ranging from 0.04 to 0.07pm in width (Figure 5.11). Cell division was observed 

taking place in some cells during the lag phase. During the exponential phase, at 

higher magnification, ribosomes and formation of central fibrillar material was

LOCLS
also observed as the intact trilaminar cell wall structure (Figure 5.12). The 

glycocalyx structure was observed around these cells (Figure 5.13). The general 

appearance of the cells in longitudinal sections during the exponential phase 

was swollen and cigar shaped, and rotund in the transverse section. Electron 

dense particles of silver, osmium and chloride ions as shown by EDX analysis 

(Figure 5.14) were present in the glycocalyx formed around these cells. Figure 

5.15 showed the trilaminar structure of the cell wall of the Ag-r cells to be 

clearly visible vrith central fibrillar aggregation of nuclear material.
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Figure 5.10 Ag-r cell at lag phase at lOpg/ml Ag showing (A) thick cell wall, (B) granular 
cytoplasm and (C) densely packed ribosomal material 
Magnification x 23,000

Figure 5.11 Ag-r cells during lag phase at lOpg/ml Ag showing (A) large vacuoles 
Magnification x 18,100
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Figure 5.12 Higher magnification of Ag-r cell at lag/exponential phase in lOpg/ml Ag 
showing (A) the thick trilaminar cell wall and (B) ribosomes and formation of central 
fibrillar material in cell Magnification x 140,000

y
Figure 5.13 Ag-r cell during exponential phase at lOpg/ml Ag with (A) cell densely packed 
with ribosomes, (B) dividing cell and (C) electron dense particles of silver in glycocalyx 
matrix Magnification x 22,100
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Figure 5.14 EDX spectrum showing electron dense particles to consist of silver, osmium 
and chloride ions in the glycocalyx in Figure 5.13
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Figure 5.15 Ag-r cell with trilaminar structure of the cell wall clearly visible, with 
ribosomes and central fibrillar aggregation of nuclear material 
Magnification x 200,000
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5.3.1.4 Ag-r cells cultured in 100p,g/ml silver (Figures 5.16 - 5.25)

Particles of silver were present on the surface of Ag-r Pseudomonas aeruginosa 

cells grown in lOOpg/ml silver (Figures 5.16, 5.20 and 5.21). These cells also 

had vacuoles of about 1.1pm in length in the cell cytoplasm. Protrusion of the 

cell wall was also observed in some cells (Figure 5.17). Aggregates of silver in 

combination with osmium and chloride ions (analysed by the EDX) were 

present on the cell surface during the exponential phase of growth (Figures 5.24 

and 5.25). Spherical electron dense particles ranging from <0.001 pm to 0.03pm 

in diameter consisted of silver, sulphur, chloride and osmium ions were present 

within the cell membrane of the Ag-r cells (Figures 5.17 and 5.21 to 5.23). The 

ratio of silver to sulphur ions varied from 1.6 :1 and 1.7 :1 and was found to be 

different between the electron dense particles on same cell. Electron dense 

particles of silver disrupted the trilaminar structure of the cell wall (Figure 

5.30). Dense aggregates consisting of silver in combination with chloride and 

osmium ions were found in the matrix of the extracellular glycocalyx (Figure 

5.22). Most surviving cells were observed to consist of dense ribosomal and 

cytoplasmic material.

5.3.1.5 Ag-r cells cultured in lOOOpg/ml silver (Figure 5.26 - 5.30).

Figures 5.26 to 5.30 show the Ag-r cells cultured in lOOOpg/ml silver. These 

cells consisted of dense central fibrillar material with electron dense particles 

consisting of silver, sulphur, chloride and osmium ions to be present within the 

cell membrane. Dividing cells were observed during the long lag and 

exponential phases (Figure 5.28) surrounded by ghost cells devoid of
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Figure 5.16 Ag-r cells o f Ps.aeruginosa during lag phase grown in lOOpg/ml Ag 
showing (A) particles of silver present on cell surface and (B) vacuoles in cells 
Magnification x 15.500

Figure 5.17 Magnification X 30,100 Figure 5.18 Magnification x 34,200

Figure 5.17 and Figure 5.18 Ag-r cells of Ps.aeruginosa grown in lOOpg/ml Ag during 
lag/exponential phase showing (A) particles of silver present on the cell surface and (B) 

protrusion o f cell wall on an occasional cell.
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Figure 5.19 Silver particles in the (A) glycocalyx of cells in lOOpg/ml Ag during lag phase 
Magnification x 13,000

Figure 5.20 Higher magnification of Ag-r cells in lOOpg/ml Ag during lag phase and (A) 
silver particles present on cell surface 
Magnification x 31,500
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Figure 5.21 Ag-r cells of Ps.aeruginosa grown in 1 OOpg/ml showing (A) silver particles 
-0 .03pm  to <0.001pm on cell surface and (B) within the cell membrane during exponential 
phase. Magnification x 30,000
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Figure 5.22 Ag-r cells of Ps.aeruginosa grown in lOOpg/nl showing (A) viable cell 
dividing, (B) silver particles present on cell surface, (C)‘ghost’ cells and (D) deposits of 
silver particles within the matrix during stationary phase. Magnification x 13,898
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Figure 5.23 Electron dense particles of about 0.01pm in diameter consisting of silver, 
chloride, sulphur and osmium ions.
Magnification x 250,000
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Both Figure 5.24 and Figure 5.25 show EDX spectra of two separate electron dense 
particles present within the cell membrane shown in Figure 5.23 shown to consist of silver, 
chloride, sulphur and osmium ions.
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Figure 5.26 Ag-r cells at lOOOpg/ml Ag showing (A) silver particles in cell membrane. 
Magnification x 36,770

Figure 5.27 Higher magnificanon of a dividing cell at lOOOpg/ml Ag 
during exponential phase 
Magnification x 30,100
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Figure 5.28 Ag-r cells at lOOOpg/ml Ag during exponential phase 
showing (A) dividing cells 
Magnification x 13,000
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Figure 5.29 Ag-r cells of Ps.aeruginosa in lOOOpg/ml Ag during decline/ death phase 
showing (A) silver particles in matrix of resin 
Magnification x 23,000
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Figure 5.30 Ag-r cells in 1 OOp g/ml Ag during decline/death phase showing (A) silver 
particles in cell membrane 
Magnification x 31,000
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cytoplasmic content. During the death phase ghost cells became more numerous 

and consisted of cell membrane with little or no cytoplasmic material (Figure 

5.29). Electron dense particles of silver and or osmium and chloride ions were 

present within the matrix of the glycocalyx.

5.3.1.6 Statistical analysis of cells associated with electron dense particles.

In a field of 50 cells cultured at 10 pg/ml silver viewed at a magnification of x 

16,000, electron dense particles were found to be present on the cell surface of 

20 cells ( S.D±2.3 cells). However 30 cells (S.D. ±1.8 cells) were observed to 

consist of smaller electron dense particles within the cell membrane. In Ag-r 

cells cultured at lOOpg/ml silver, in a field of 60 cells, viewed at a magnification 

of X 16,000, electron dense particles were found to be present on the cell surface 

of 40 cells, (S.D. ±1.9 cells) and within the cell membrane of 50 cells (S.D. 

±1.9 cells). In Ag-r cells cultured at lOOOpg/ml silver in a field of 30 viable cells 

viewed at a magnification of x 16,000, electron dense particles were found to be 

present on the cell surface of 30 cells (S.D. ±2.3 cells) and within the cell 

membrane of 20 cells (S.D. ±1.9 cells).

5.3.2 Energy Dispersive X-Ray Analysis (EDX) of electron dense particles

EDX analysis of electron dense particles present on the cell surface or within the 

cell membrane and cytoplasm were larger and consisted of silver in combination 

with osmium and chloride ions. The EDX in Figure 5.34 of electron dense 

particles present on the cell surface of the Ag-r cells of Pseudomonas 

aeruginosa (Figure 5.33) showed a higher silver signal than the signals from the 

chloride and osmium ions. These particles ranged from 0.01 to 0.02 pm in
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diameter and consisted of silver, chloride and osmium ions in the ratio of 

approximately 2.36 ; 1.3 ; 1 respectively. However, on some cells, the electron 

dense particles consisted of silver alone (Figure 5.31 and 5.32). The aggregates 

of the particles consisting of silver with osmium and chloride ions were large. 

The spherical deposits consisting of silver, sulphur, chloride and osmium ions 

found within the cell membrane and in the cell cytoplasm were comparatively 

smaller. The intensity of the signals due to all these ions was found to vary 

slightly from one electron dense particle to another (Figures 5.34 and 5.35) but 

the elemental composition of these signals remained consistent. Large 

aggregates o f particles measuring approximately 0.25pm in width and 0.5pm in 

length

(Figure 5.36) present in the resin matrix were consisted of chloride ions only on 

EDX analysis (Figure 5.35). Large electron dense aggregates in the resin matrix 

in Figure 5.13 consisted mainly of silver to chloride and osmium in the ratio of 

9.42 :2.7: 1.

5.3.3 Negative staining & shadow coating of Ps231 & Ag-r ceils

Figure 5.37 shows the outer and inner cell wall o f the Ps231 cells; the flagella 

were clearly observed extending from the polar ends of these cells. The Ps231 

cells on exposure to 0 .2 pg/ml silver showed the formation of cell membrane 

vesicles (Figure 5.38). The Ag-r cells cultured in lOpg/ml silver showed the 

electron dense deposits of silver ions of approximately 3x10"* pm present on 

the outer cell wall. These particles were also present in the extracellular 

glycocalyx (Figure 5.39).
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Figure 5.31 Electron dense particles of silver present on the cell surface of Ag-r 
Ps.aeruginosa cells in 1 OOp g/ml Ag 
Magnification x 85,200
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Figure 5.32 EDX spectrum of electron dense particles analysed to consist of silver from 
Ag-r cells in 1 OOp g/ml silver in Figure 5.31
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Figure 5.33 Electron dense particles present on cell surface of Ag-r cells of Ps.aeruginosa 
Magnification x 86,000
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Figure 5.34 EDX spectrum of electron dense particles from the Ag-r cell in Figure 5.33 
shown to consist of mainly silver with osmium and chloride ions from the staining solutions.
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Figure 5.35 Analysis of plain resin by EDX spectrum shows presence of chloride ions in resin
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Figure 5.36 Electron dense particles in cell wall and resin of Ag-r Ps.aeruginosa cells 
Magnification x 46,600
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Figure 5.37 Negatively stained section of Ps23I cells showing (A) outer cell wall, (B) 
flagella
Magnification x 20,570
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Figure 5.38 Ps231 cells o f P s.aeruginosa exposed to 0.2pg/ml Ag showing (A) cell 
membrane vesicles, (B) flagellum and (C) outer cell wall in a negatively stained section 
Magnification x 20,570
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Figure 5.39 Negatively stained section showing (A) deposits of electron particles of silver 
present on the cell surface of Ag-r Ps.aeruginosa cell grown in lOpg/ml Ag, (B) coating of 
glycocalyx surrounding the cell and (C) outer cell wall fragment 
Magnification x 20,570
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5.3.4 SEM of Ag-r cells on Ag- coated titanium pellets (Figures 5.40 to 5.45)

Figures 5.40 to 5.45 show the attachment of Ag-r cells on the silver coated 

pellets of titanium. The cells formed a biofilm (Figure 5.41). On higher 

magnification, rod shaped cells of Pseudomonas aeruginosa were present in the 

form of large micro-colonies. Strands of exoploysaccharide were observed 

holding the colonies as well as individual cells together (Figures 5.42 and 5.43). 

The roughly etched surface of the pellet was observed to consist of layers of 

floccular material floating from it (Figure 5.44). On higher magnification, this 

material consisted of layers of micro-colonies of cells adhering to the surface by 

means of the slimy strands of the exopolysaccharide. The roughness of the pellet 

surface also created a larger surface area for the adhesion of the cell colonies 

(Figure 5.45).
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Figure 5.40 Biofilm of Ag-r cells of Ps.aeruginosa on (A) the surface of a 
silver-coated pellet
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Figure 5.41 Higher magnification of the biofilm from Figure 5.40 showing microcolonies 
of Ag-r cells of Ps.aeruginosa
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Figure 5.42 Microcolonies of Ag-r Ps.aeruginosa cells in glycocalyx matrix on silver- 
coated pellet

i

Figure 5.43 Higher magnification of Ag-r Ps.aeruginosa cells showing cells attached to 
each other by means of slimy glutinous glycocalyx matrix.
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Figure 5.44 Formation of biofilm of bacterial cells in the lumen of a silver-coated pellet
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Figure 5.45 Higher magnification of biofilm from Figure 5.44 showing layers of bacterial 
growth in the lumen of a silver-coated pellet
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5.4 Discussion

5.4.1 TEM of bacterial cells

TEM studies of the Ag-r cells revealed the presence of electron dense particles 

on the cell surface, within the cell membrane and within the cell cytoplasm.

The membranes o f Thiobacillusferroxidans mdlhiooxidans have been shown 

to be covered in small electron dense particles of silver sulphide which were 

shown to accumulate into large clumps ( Pooley 1982). TEM of thin sections of 

Ag-r cells, in my study showed electron dense particles present on the cell 

surface during the lag phase in the growth cycle of these bacteria. The sizes of 

these particles were approximately 0.03 pm in diameter. On EDX analysis these 

particles were composed of either silver or silver in combination with chloride 

and osmium ions. EDX signals of chloride and osmium ions were attributed to 

the presence of these ions in the fixing and staining solutions. Energy dispersive 

analysis of some of the particles did reveal these to consist mainly of silver 

without any signal from the chloride ions or other ions indicating that they may 

be pure silver. Silver ions would be expected to bind the chloride ions from the 

growth medium forming a precipitate of silver chloride. The signals from 

chloride and osmium ions were also found to be recorded on EDX analysis of 

the electron dense particles present on the cell surface in the control cells not 

exposed to silver. It must also be noted that the cells were exposed to silver in 

the growth medium prior to being exposed to osmium and the chloride ions from 

the fixing and staining buffer. The cells were treated with the fixing and staining 

buffers after extensively washing off the extracellular silver, therefore reducing
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any chance of binding between the silver and the chloride and osmium ions. It 

may be possible that although silver binds readily with the chloride ions on 

being introduced into the growth medium, in my study pure silver ions may be 

bound to the surface of the bacterial cell.

During the exponential and stationary phases, electron dense particles were 

found to be present within the cell membrane of the Ag-r cells. The sizes of 

these particles ranged from <0.001 pm to 0.03 pm in diameter and were found to 

consist of silver, sulphur, chloride and osmium ions on EDX analysis. It was 

interesting to note that sulphur which was not detected during the EDX analysis 

of the electron dense particles present on the cell surface, was present in these 

particles within the cell membrane. This signal from sulphur may be due to 

sulphur being present in the membrane proteins and may be indicative of the 

silver binding with these proteins in cell membranes. The ratio of silver ions to 

sulphur ions was found to be 1.7:1 to 1.6 :1 depending upon the electron dense 

particles analysed. Thus it is highly possible that silver ions may be immobilised 

at the cell membrane level in the Ag-r cells by binding with the sulphur 

containing cell membrane proteins. It was also noted that the number of electron 

dense particles within the cell membrane were greater than the number of 

electron dense particles on the cell surface. At the lower concentration o f silver 

( 1 0  and 1 0 0  pg/ml in the growth medium) a larger number of electron dense 

particles within the cell membrane were found when compared to the cells 

cultured at 1000pg/ml silver. This result may indicate exclusion of silver ions 

by the Ag-r cells when exposed to higher levels of silver. The results discussed
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here were derived from a sample size of 5 different thin sections obtained from 

each of the different concentrations of silver in which the cells were cultured. 

However, it must be noted that the overall number of cells / ml of fluid culture 

varied for each concentration of silver in which the cells were cultured.

A relatively high signal due to silver ions was produced on EDX analysis of 

large aggregates present in the glycocalyx. This signal showed silver to be 

present in 9 : 2 : 1 ratio of silver to chloride to osmium ions. This may be 

protective as large amounts of silver trapped within the glycocalyx matrix 

surrounding the Ag-r cells may not be available to the cell.

The effect of silver ions on the ultrastructure of the control cells and Ag-r cells 

was also studied. The control cells Ps231 were affected severely by the silver 

ions on exposure to 0 .2 pg/ml silver and did not survive long enough to 

experience a ‘real’ exponential phase. The cells had an elongated appearance on 

initial exposure to silver during the lag phase. On prolonged incubation with 

silver ions during the ‘exponential’ phase, shrinkage of the cytoplasm from the 

cell membrane was observed. Retraction of cytoplasmic membrane from the cell 

wall has also been reported to occur in Staphylococcus aureus and 

Staphylococcus epidermidis cells exposed to silver sulphadiazine (Coward et al. 

1973). Convoluted cell structures devoid of cell contents but containing 

electron dense particles consisting of silver ions were found to be present during 

the death phase in my study on exposure of silver sensitive cells to silver. 

Protrusion of the outer membrane in an occasional cell was also observed in the 

sensitive cells exposed to silver. Protrusion of the outer cell membrane can
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result in formation of membrane vesicles which were seen present in negatively 

stained Ps231 cells exposed to silver. This effect of cell protrusion has also been 

reported by Coward et a l  (1973) who observed this effect to take place on 

exposure of silver sensitive Pseudomonas aeruginosa cells to silver 

sulphadiazine. This effect was attributed to the action of silver ions on the cell 

wall causing a localised weakening of the cell wall. However Rosenkranz and 

Carr (1972) found that silver nitrate did not cause protrusion of the cell 

membrane in silver sensitive Pseudomonas aeruginosa cells. In my study, it was 

noticed that in the Ps231 cells exposed to silver ions, the normal trilaminar 

structure of the cell wall of 0.03 pm thickness was only 0.01pm thick. The action 

of the silver ions appeared to be at the external cell wall structure and resulted in 

the disruption of the outer cell envelope leaving a single layered cell wall of 

0.01pm in thickness. Similar effects on Pseudomonas aeruginosa cells cultured 

in nutrient broth containing benzalkonium chloride at a concentration of 50 and 

lOOpg/ml have also been reported (Richards and Cahill 1976a).

In my study it was observed that the general appearance of Ag-r cells during lag 

phase was that of elongated cells with dense nuclear fibrillar material and 

packed with ribosomes. During the exponential and stationary phase these cells 

became larger, many were observed to have cigar shaped structures in 

longitudinal section and became more rotund in the transverse section. Silver 

sensitive strains of Enterobacter cloacae treated with silver sulphadiazine have 

been shown to have enlarged or swollen cell structures consisting of several
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distinct layers with a non-convoluted outer membrane. However, non of these 

changes were found to be exhibited by silver sulphadiazine resistant strains of 

Enterobacter cloacae (Rosenkranz and Carr 1972). This was also observed in 

my study, in which the trilaminar structure of the Ag-r cell wall was normal in 

appearance and had a thickness of ~ 0.03//m indicative of Ag-r to be mediated 

at the cell membrane level. Richards et a i (1984) also showed the resistance to 

silver was at the cell membrane level in Ag-r Pseudomonas aeruginosa cells 

which survived at 50pg/ml silver and had intact cell membranes. The cytoplasm 

in Ag-r cells in my study was found to be more fibrillar and less dense during 

the exponential and stationary phases. It was observed by Rosenkranz and Carr 

(1972) that silver nitrate caused aggregation of nuclear material into filaments 

in silver sensitive cells of Pseudomonas aeruginosa.

Electron dense particles consisting of silver and sulphur with chloride and 

osmium ions were observed to be accumulated within the cell membrane of the 

Ag-r cells in my study. This observation indicated that membrane proteins may 

be involved in deposition of silver by either possible formation of silver sulphide 

or by binding of silver with sulphur present in the membrane proteins. Studies 

on the amino acid composition of total proteins of a strain of Pseudomonads, 

Pseudomonas-K9, an isolate from sludge, showed a strong binding of silver to 

sulphur containing amino acid cystine proposing a suggestion that cell proteins 

may be involved in silver deposition (Belly and f^dd 1982).

TEM and EDX studies on Ag-r strain of Escherichia coli-Rl showed one of the 

mechanisms of resistance to be the physical exclusion of silver, whereas the
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sensitive strain Escherichia coli SI was observed to contain electron dense 

particles of silver when grown in silver nitrate (Starodub and Trevors 1989). 

However Slawson et a i ( 1994) have reported accumulation of silver ions by 

both sensitive and resistant cells of Pseudomonas stutzeri with 4-fold higher 

accumulation by the Ag-r cells. All viable cells resistant to silver in my study 

had the appearance of a normal cell structure when grown at any concentration 

of the silver ions.

5.4.2 SEM and Negative staining and shadow coating of Ag-r cells

In the negatively stained electron micrograph of the Ag-r cells grown in 10pg/ml 

of silver, electron dense particles consisting of silver were observed to be 

present on the cell surface as well as being present within the extracellular 

slime. SEM showed microcolonies of Ag-r cells of Pseudomonas aeruginosa 

cells to be surrounded within cocoons of extracellular polysaccharides. 

Individual cells were also observed to be held together by fibrous strands of 

exopolysaccharides. That Pseudomonas aeruginosa cells adhere and form large 

micro-colonies surrounded by an extensive amorphous matrix of 

exopolysaccharide material has also been reported by Marrie and Costerton 

( 1983). Uneven colonisation by Pseudomonas aeruginosa and Escherichia coli 

has also been reported to be present on peritoneal dialysis catheters removed 

from patients suffering from peritonitis (Marrie et a i 1983).

Given that extensive amounts of silver have been seen associated with this 

extracellular matrix, then it is possible that cells in a biofilm may be protected 

from high external concentrations of silver. Several strategies have been
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employed in order to block bacterial adhesion and or kill adherent organisms. 

These strategies range from altering the surface hydrophobicity of polymers, 

metal combinations either with other metals or incorporating disinfectants or 

antibiotics or coating or implanting the surfaces with metals such as silver oxide 

(Leidberg and Lundeberg 1990, Johnson et al. 1990, Schaeffer et al. 1988,

Farrah and Erdos 1991). Layered silver-copper surface films on catheters have 

been found to be bactericidal against Staphylococcus epidermidis and 

Staphylococcus aureus. Antibacterial activity against formation of biofilms of 

Pseudomonas aeruginosa by the combined metal layers of Ag-Cu have been 

found to be more effective than either metal alone (Maclean et al. 1993). In my 

study release of silver ions from the silver coated titanium pellet was not 

measured. However silver in this instance was not bactericidal to the Ag-r 

bacterial cells of Pseudomonas aeruginosa.

Thus two mechanisms of resistance to silver are proposed from the 

interpretation of the results obtained from the electron microscopic studies of 

Ag-r bacteria. These are (1) binding of silver ions to the proteins of the cell 

membrane preventing further cell entry and (2 ) immobilisation of high 

concentrations of extracellular silver in the glycocalyx.

5.5 Summary

Cell death in silver sensitive cells was due to the action of silver on the outer 

cell wall membrane resulting in formation of membrane vesicles. Silver also 

causes increased shrinkage of cell cytoplasm from the cell wall in these cells. 

Silver alone or in combination with osmium and chlorine was present on the cell
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surface of Ag-r bacteria during the lag phase. Osmium and chlorine rich electron 

dense particles were present within the glycocalyx and the resin matrix. Silver 

alone or in combination with osmium and chlorine was present within the 

glycocalyx and the resin matrix. Large chlorine rich electron dense particles 

were present within the resin matrix. Silver, in combination with sulphur, 

osmium and chlorine, was present within the cell membranes during 

exponential and stationary phase of growth. Resistance to silver ions in Ag-r 

cells may be due to immobilisation of silver ions at the cell membrane level.

This resistance may be enforced by binding of the silver with sulphur present in 

the outer membrane proteins. This action at the cell membrane level would then 

inhibit further entry of toxic levels of silver into the cell cytoplasm. Exclusion 

of silver particles by Ag-r cells grown may be one of the several mechanisms of 

silver resistance. Another means of reducing the silver concentration at the cell 

membrane level may be the production of extracellular polysaccharides and the 

immobilisation of silver ions in the glycocalyx. In Chapter 6  cell fractionation 

studies will be carried out to determine the deposition of silver within the 

bacterial cell. An attempt will also be made to analyse the biochemical 

composition of the glycocalyx.
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Chapter 6

Analysis of Extracellular Polysaccharide and 

Cell Fractionation Studies.

6.1 Introduction

In this chapter the extracellular polysaccharide produced by the Ag-r cells grown 

both in the presence and absence of silver ions was extracted and analysed.

Cell fractionation studies were carried out to determine the deposition of silver 

ions within the bacterial cell and to examine the effect of silver ions on the 

enzymatic activity in the inner and outer membrane of the bacteria.

The outer membrane is composed of P-phospholipid, lipopolysaccharides (LPS) 

and proteins. The LPS molecule consists of a core polysaccharide and O- 

antigenically specific polysaccharide side chains which consist o f aldoheptoses 

and 2-keto-3-deoxyoctonate (KDO) (Hancock 1997). To determine for the 

presence of lipopolysaccharide in the outer membrane KDO assay was also 

carried out.

6.2 Materials and Methods

6.2.1 Extraction and Analysis of extracellular polysaccharides.

Ag-r cells were grown with silver at 0.2,1.25,2.5, 5,10, 50,100, 500, 800 and 

1000pg/ml silver in fluid cultures as described in Chapter 2. Cells were 

harvested in stationary phase by centrifugation at 20,000 x g for 45 minutes at 

4®C. and the wet weight of cell pellet was determined. The supernatant was 

collected and precipitated with 95% ethanol at 4®C. with 1% sodium acetate and
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1 % glacial acetic acid. The precipitate was collected by centrifugation at 20,000 

X g for 30 minutes at 4®C. washed in 95% alcohol for 30 minutes and 

re-centrifuged. The precipitate was then collected and dissolved in 0.0 IM PBS 

containing lOmM MgClj and ImM CaClz. 100pg/ml of both RNase (A) and 

DNase 1 and the mixture was incubated in a water bath at 3TC  for 3 hours to 

remove any nucleic acids. The mixture was then centrifuged at 20,000 x g for 30 

minutes and the supernatant was precipitated with 95% ethanol and 

recentrifuged as before. The precipitate was collected and dissolved in 2 ml of 

deionised water and designated as crude slime.

6.2.1.1 Gel filtration studies of crude slime

About 0.05ml of the crude slime extracted from control cells and cells cultured 

at 10, 50, 100 and lOOOpg/ml silver was applied on the Sepharose 4B gel 

column, 1.6x50ml, equilibrated with 0.0IM PBS pH 7.4, with a flow rate of 

24ml/hr. The Vo and Vt were determined using Blue Dextran (Pharmacia) and 

the molecular weights of the exopolysaccharides were determined using the high 

molecular weight calibration kit consisting of bovine liver catalase Mw 210,000, 

rabbit muscle aldolase Mw 158,000, horse spleen ferritin Mw 440,000 and 

bovine thyroid thyroglobulin Mw 669,000 and the calibration curve in Figure 

6 .1. Due to the numerous concentrations of silver used in this experiment 

samples were only separated once on the gel filtration columns.
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6.2.2 Chemical analysis of crude slime

6.2.2.1 Protein measurement

The method of the modified Lowry procedure (1951) by Markwell et a l (1978) 

was used to determine the protein in the eluted fractions. This method 

determines protein in membrane and lipoprotein samples without prior 

treatment of samples to extract lipid before protein determination. 1  ml of 

reagent A consisting of 4g CuSO  ̂in 100ml of distilled water was added to 100 

ml of reagent B consisting of 20g NazCO^, 4g NaOH, 1.6g Na-tartarate and lOg 

SDS and the mixture was warmed until clear. 3 ml of this solution was then 

added to 1 ml samples of the eluted fractions and kept at room temperature for 

30 minutes. 3 ml of 1:1 diluted solution of Folin-Ciocalteau was added, mixed 

immediately and left at room temperature for 45 minutes. The absorbance was 

measured at 660nm. Bovine serum albumin ranging from 0 to 100 pg/ml was 

used as a standard to estimate the protein concentration. Due to the numerous 

samples, each sample was analysed once.

6.2.2.2 2-keto 3-deoxyoctonate (KDO) Assay

The 2-keto 3-deoxyoctonate was measured using the thiobarbituric acid 

method of Weissback and Hurwitz (1959). 0.5 ml of the eluted sample was 

dissolved in 0.5 ml O.OIM H2  SO4  and hydrolysed at 100°C for 30 minutes. 0.5 

ml of 2% sodium arsenate in 0.5M HCl was added with shaking and after 2 

minutes, 2 ml of 0.3% thiobarbituric acid, pH 2.0, was added. The mixture was 

stirred and heated to 100”C for 10 minutes. The absorption was measured
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immediately at 548nm in a Pye- Unicam SP8-150 spectrometer. Due to the 

numerous samples each sample was analysed once.

6.2.2.3 Phenol sulphuric method for determining total carbohydrate and 

uronic acid content.

The total carbohydrate (glucose sugars) and uronic acid content was determined 

by the phenol- sulphuric method of Dubois et al. (1956). For the total 

carbohydrate content, 0.5 ml of distilled water was added to 0.5ml of the eluted 

fractions. 1 ml of 5% phenol (w/v) was added next and mixed after which 5 ml 

of concentrated sulphuric acid was added and mixed thoroughly. The samples 

were left to stand for 30 minutes and the absorbance was read at 490nm on a 

Pye Unicam SP8-150 spectrometer. The carbohydrate content was estimated 

from the glucose standard curve obtained using D-glucose (Figure 6.2).

The same method was used to measure the uronic acid content except that the 

concentration of phenol used was 17% and the concentration of uronic acid was 

estimated by measuring the absorbance o f the mixture which was read at 485nm 

using D-glucuronic acid as a standard (Figure 6.2). Due to the numerous 

samples, each sample was analysed once.

6.2.2.4 Silver measurement

The amount of silver present in each fraction was also measured as follows: 1 

ml of 2 : 1  mixture of concentrated sulphuric acid and nitric acid was added to 

each fraction consisting of 1 ml of the eluent and heated at 80°C for 30 minutes. 

This mixture was diluted to a 5% acid solution before analysis of silver using
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Calibration of Sepharose 4B (1.6 x 50cm)

Kav.

HMW GEL FILTRATION KIT
PROTEIN LOG MW K av

1. RABBIT MUSCLE ALDOLASE 5.19 0.57
2. BOVINE UVER CATALASE 5.32 0.55
3. HORSE SPLEEN FERRmN 5.64 0.46
4 . THYROGLOBUUN 5.83 0.42

I
0 \

Figure 6 .1 Calibration of Sepharose 4B column
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atomic absorption spectrometry on a Varian Spectra AA 300- 400 P (Hg-lamp 
a ir

328.1 nm; acetylene-mixture, 13.5/3.85 1 / min flow). The theory of Atomic 

Absorption Spectrophotometry is described in Chapter 2. Due to the numerous 

samples each sample was analysed once.

6.2.3 Cell fractionation studies

The method used in my study for the separation of subcellular particles was a 

modification of the method used by Fujiwara et a i (1977) and is presented as a 

flow chart in Figure 6.3. The Ag-r cells were cultured in 10 and 1000 pg/ml of 

silver and harvested during the stationary phase of growth by centrifugation at

8.000 X g for 10 minutes. (It must be noted that the time taken for each culture 

to reach the stationary phase varied for each culture). The silver content of the 

whole cell pellet and the supernatant o f the centrifuged cells was measured. The 

cell pellet was washed extensively in sterile distilled water and the cells were 

broken down using a Dawes soniprobe in short bursts of 30, 30 and 45 seconds 

on ice. The disrupted cells were centrifuged at 3 speeds to obtain 3 different 

subcellular particles as follows: ( 1 ) the disrupted cells were centrifuged at

1 2 . 0 0 0  X g for 1 0  minutes and the silver was measured in the supernatant and 

the fraction containing the cell debris and unbroken whole cells (2 ) the 

supernatant fraction from ( 1 ) consisting of unbroken cells and cell debris was 

then centrifuged at 40,000 x g for 60 minutes and the silver was measured in the 

supernatant which was the fraction containing the cell membranes (3) the 

supernatant from (2 ) was centrifuged at 1 0 0 , 0 0 0  x g for 60 minutes and the
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silver measured in the supernatant and the pellet fraction containing the 

intracellular and the ribosomal particles. The silver content in each subcellular 

fraction was determined using atomic absorption spectrophotometry.

Cells at stationary phase
i

Harvested by centrifugation at
8 , 0 0 0  X g for 1 0  mins.

A
Cell pellet Supernatant

1
Wash pellet x3 in distilled water and disrupted cells using a soniprobe

1
Centrifuged cells at 
1 2 , 0 0 0  X g for 1 0  mins.

A
Pellet of broken and whole cells Supernatant consisting of

cell membranes
1

Centrifuged at 40,000 x g for 60 mins
A

Pellet of cell membrane fraction Supernatant
consisting of 

intracellular and ribosomal 
fraction

I
Centrifuged at 100,000 x g

A
Pellet of ribosomal fraction Supernatant

Figure 6.3 Flow chart showing the cell fractionation procedure used to analyse 

silver deposition in subcellular fractions
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6.2.3.1 Separation of inner and outer membranes and study of effect of 

silver on enzymatic activity of bacteria

The following procedure, a modification of the procedure used by Mizuno and 

Kageyama (1978), was used to extract the inner and outer membranes from 

control Ps231 and Ag-r cells grown in 10, 100 and lOOOpg/ml silver and the 

Ps231 cells exposed to 0.2pg/ml silver. All cells were grown in nutrient broth in 

silver at the concentrations stated. The cells were harvested by centrifugation at

3,000 X g for 10 minutes at room temperature. The pellet was weighed and 

washed in 2 0 % (w/v) sucrose solution and resuspended in 18ml o f ice cold 2 0 % 

(w/v) sucrose solution. The following reagents were added to the cell pellet to 

lyse the cells; (9 ml) 2M sucrose, (10 ml) O.IM Tris-HCl, pH 7.8, (0.8 ml) 1% 

Na^ EOT A, pH 7.0, and(1.8 ml) 0.5% lysozyme. The mixture was incubated for 

60 minutes at 30°C. DNase (3pg/ml ) was added and centrifuged to remove the 

spheroplasts formed at 8000 x g for 15 minutes. The crude membranes fraction 

in the supernatant were removed by centrifugation at 2 0 , 0 0 0  x g for 60 minutes. 

This fraction was layered onto sucrose gradients which were prepared by 

layering 50% (0.5 ml), 45% (1.5 ml), 40% (1.0 ml), 37% (0.5 ml)sucrose 

solution (w/w)over a cushion of 55% sucrose made up in sterile distilled water. 

This was centrifuged at 75,000 x g for 4 hours and the gradients were 

fractionated and bands of envelope were visualised by measuring the 

transmission of each fraction at 280nm in a Pye Unicam spectrometer. Succinate 

and glucose dehyrogenase activity, protein and KDO was assayed in the inner
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and outer membrane fractions.

6.2.3.1.1 Enzyme Assays

The effect of silver on the enzymatic activity was determined using the method 

of Mizuno and Kageyama (1978). Incubation mixtures contained (2.5 ml) 60mM 

phosphate buffer, pH 7.2, (0.05 ml) lOmM KCN, (0.2 ml) lOpg phenazine 

methosulphate, (0.05 ml) 20pg dichlorophenol indophenol, (0.1 ml) 25mM 

succinate or (0.1 ml) 30mM glucose and the membrane fraction (20 to 150pg 

protein) in a volume of 1 ml. The absorbance was read at 600nm once for both 

inner and outer membrane fractions over a 10 minute period. Protein and KDO 

assays were carried out as described in sections 6 .2 .2 . 1 . and 6 .2 .2 .2 .

6.4 Results

6.4.1 Chemical analysis of crude slime

Table 6 .1 shows the concentration of carbohydrate and uronic acid i.e. 

extracellular glycocalyx produced in Ag-r cells cultured at 0.2 to lOOOpg/ml 

silver The glycocalyx production was measured in pg/cell from the cells in the 

cell pellet and also per ml /cells in the cell pellet and per/ ml of the supernatants 

of each cell culture. Glycocalyx production in cells from the control culture was 

also analysed. The total amount of glycocalyx produced by celis/ml of cell pellet 

appeared to increase for the Ag-r cells cultured at higher concentrations of 

silver. On exposure of cells to higher concentrations of silver the glycocalyx 

produced per cell also increased.
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culture
type

no. viable 
cells /  ml

îcbhj 
^g/ml 

cells (Bom 
cell pellet)

x±SD 
(mean of 2 
samples)

[cWij ! [cbh] ng/ffil of 
pg / cell 1 supemaUint

x±SD 
(mean of 2 
samples

[cbh]Mg/ cell in siQ)ematant Total [cbh] pg / cell

control 8.5x10" 60;63, 61.5 ±1.5 7 .2x10"  1 80; 75.5 77.75±2.25 9.15 X 10" 1.6.5x10"

0.2 1140 30; 28 29±1 2.6x10* 38; 36.6 37.3±0.7 3.3x10* 5.9x10*

1.25 1.4x10“ 41; 44- 42.5±1.5 3.04x10" 54; 52.1 53.05±0.95 6.8x10*'* 6.7x10*'*

2.5 2.2x10* 38; 36 37±1 1.68x10-^ 44; 44.5 44.25±0.25 3.69x10** 3.8x10*

5 4.2x10" 40; 43 41.5±i.5 9 .8x10" 51; 49.5 50.25±0.75 1.19x10" 2.16x10 "

10 1x10* 37; 33. 35±2 3.5x10* 42; 44.3 43.15±1.15 4.32x10*’ 7.9x10*’

50 1.6x10* 57.8; 60.5 59.2±1.35 3.69x10* 61; 58.7 59.85±1.15 3.74 X 10 •* 7.43 X 10 *

100 263,000 49; 44 46.5±2.5 1.77x10" 24; 22.5 23.25±0.75 8.8x10 * 19x10"

500 1480 30; 32-5 31.2±1.25 2.1 X 10** , 26; 27.3 26.65iO.65 1.8x10 * 3.76x10*

800 900 18; 16.3 17.2±0.85 1.9x10'* 20; 18.3 19.15±0.85 2.1 X 10*’ 4x10":

1000 490 15; 11.2 13.1±1.9 2.6 X 10 '* 22; 21.6 21.8±0.2 4.4 X 10 '* 7 x 1 0 *

Table 6. Î Production o f extracellular glycocalyx measured as carbohydrate and uronic 
acid content in ng/cell in Ag-r & Control cells at stationary phase o f growth. I
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6.4.1.2 Gel filtration studies of crude slime.

From the graphs plotted in Figures 6.4a to 6 .8 b showing total carbohydrate 

production, uronic acid production, and protein and KDO assay, produced by the 

Ag-r and control cells, polysaccharide analysed consisted of high concentrations 

of KDO, glucose sugars and glucuronic acid with low amounts of protein. The 

samples of the crude slime from all the cultures eluted a high molecular weight 

exopolysaccharide at fraction 20 immediately after the void volume (Mw>10^) 

and 2 high molecular weight proteins in the void volume. (Mw >10^ ).

Silver was found to be present in all the fractions analysed and was also present 

in increased concentrations in the exopolysaccharides with high amounts 

associated with neutral sugars. At lOpg/ml silver (Figure 6.5b), the low 

molecular weight exopolysaccharide was found to be associated with more 

silver than the polysaccharides of heavier molecular weights. The amount of 

silver associated with the exopolysaccharide eluted from the crude slime 

extracted from cells grown in 100//g/ml silver (Figure 6.7b) and lOOOpg/ml 

(Figure 6 .8 b) was greatly increased indicative of the presence of higher external 

concentrations of silver in the growth medium.

The rnolecufar Weights of the, Cxop6 lyisaccharides extracted from the crude slime 

were determined by gel filtration. The composition of the extracellular 

polysaccharide of all the cultures analysed was similar. The ‘basic’ extracellular 

polysaccharides of the control culture were produced by the Ag-r cells grown in 

different concentrations of silver. For example, it can be seen from the results in
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Table 6.2 that the exopolysaccharide of the fractions 28 and 29 produced by the 

control culture bacteria, was also produced by the Ag-r cells at lOpg/ml in a 

reduced concentration.

The low molecular weight exopolysaccharide produced by the control cells in 

fraction 50 was not produced in an increased quantity by the Ag-r cells whereas 

four extracellular polysaccharides of apparent molecular weights o f691,830 

(peak 3), 870,963 (peak 1), 144,543 (peak 2) and 128,824 (peak 4) were 

produced by these bacteria.

The Ag-r cells at 50pg/ml silver (Figure 6 .6 b) produced exopolysaccharides with 

apparent molecular weights of 870,963 and 128,824. The Ag-r cells at 

lOOOpg/ml and the control cells produced an exopolysaccharide with apparent 

molecular weight of 144,543 (Figure 6 .8 b). The Ag-r cells at lOpg/ml silver 

produced a decreased amount of the exopolysaccharide of the molecular weight 

691,830 (Figure 6.5b). There was a decrease in the production of the low 

molecular polysaccharide at fraction 33 by all the Ag-r cells.
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6.4.1.2.1 Apparent molecular weights of exopolysaccharides eluted from the 

crude slime preparations of Ag-r and Ps231 cells.

culture fraction
number

Kav Apparent 
molecular weight

[cbh] 
ug/mg cells

lAgJ
ng/mg
cells

lAg]/ 
[cbh) 

ug/mg cells

Ps231, Control 
cells

19/20 0.027 > 10* 18.8 ND* ND

28/29 (28.5) 0.263 > 10* 9 ND ND

33 0.388 870,963 
(peak 1)

8 ND ND

40 0.58 144,543 
(peak 2 )

22 ND ND

50 0.86 <10^ 9 ND ND

Ag-r cells at 10 
Hg/ml Ag

21 0.055 > 10* 59 65 9.07 X 10-"

34 0.416 691,830 
(peak 3)

14 16.5 8.48 X 10

40 0.583 144,543 66.5 63 1.06 X 10 "

Ag-r cells at 50 
gg/ml Ag

20 0.027 > 10* 40 61 6.55 X M"*

33 0.388 870,963 13 17 7.64 X 10^

41 0.616 128,824 
(peak 4)

65 62.5 1.04x13'^

Ag-r cells at 100 
pg/ml Ag

20 0.027 > 10* 28 20 1.04 X 10 -’

33 0.388 870,963 8 7.5 1.06 X 10 '^

41 0.616 128,824 30 30 1 X 10-"

Ag-r cells at 
1000 

gg/ml Ag

20 0.027 > 10* 14 17 8.24 X 10-"

33 0.388 870,963 10 9.5 1.05x10-"

40 0.583 144,543 21 26 8.07 X 10^

ND*: not detected.

Table 6.2 Apparent molecular weights of exopolysaccharides eluted from the 

crude slime preparations of Ag-r and Ps231 cells.
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6.4.2 Cell fractionation studies.

6.4.2.1 Percentage of silver measured in subcellular fractions of Ag-r cells 

grown in 10 and lOOO^g/ml silver.

Cell culture % [Ag] in 
whole cell 
pellet

% [Ag] in 
supernatant 
from cell 
pellet

% [Ag] 
in cell 
debris

% [Ag] in 
supernatant 
from cell 
debris

% [Ag] in 
cell
membranes

% [Ag] in 
supernatant 
from cell 
membrane

% [Ag] in 
intracellula 
r +
ribosomes

% [Ag] in
supernatant
from
ribosomal
fraction

Ag-r cells at 
1 Ogg/inl Ag

80; 78 10; 13 74; 76 6 ; 7 22; 24 3; 4 30; 32 1.5;2

X (mean of 2 
samples

79 11.5 75 6.5 23 3.5 31 1.75

9 n-i-
(sample SD)

1.414 2.12 1.414 0.707 1,414 0.707 1.414 0.354

0,(SEM) 0.841 1.029 0.841 0.595 0.841 0.595 0.841 0.42

At 95% level 
of
confidence, 
to,5= 12.706 
estimate of 
population 
mean=

79±10.68 11.5±13.09 75 ± 7.56 6.5 ±7.56 23 ± 10.68 3.5 ±7.56 31 ± 10.68 1.75 ±5.432

Ag-r cells at
lOOOpg/ml
Ag

74; 76 80; 82 68 ; 65 4; 6 18; 20 6; 8 <0 .1 ; too 
low

1.5; 2

X (mean of 2 
samples

75 81 66.5 5 21 7 ND 1.75

0 n-i~
(sample SD)

1.414 1.414 2.12 1.414 1.414 1.414 ND 0.354

0,(SEM) 0.841 0.841 1.029 0.841 0.841 0.841 ND 0.42

At 95% level 
of
confidence, 
1^95=12.706 
estimate of 
population 
mean=

75±10.68 81±10.68 66.5±13.
09

5±10.68 21 ± 10.68 7± 10.68 ND 1.75±5.342

Table 6.3 Percentage of silver measured in subcellular 

fractions of Ag-r cells grown in 10 and lOOOpg/ml silver. 

It can be seen from Table 6.3 that most of the silver was associated with the 

whole cell and the cell debris fraction of the Ag-r cells. A large percentage of
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the silver was also associated with the cell membrane fraction with the least 

amount present in the intracellular or the ribosomal fraction of the total culture. 

The t-distribution shows the estimate of population mean to be spread over a 

large margin of error demonstrating the fact that a small sample size gives only 

a small amount of practical information.

6,4,2.2 Assay of enzyme activity in inner and outer membranes of bacteria

The graph (Figure 6.9) plotted for the sucrose gradient shows the separation of 

inner and outer membranes. As EDTA-lysozyme treatment was used in my 

study, due to the hypersensitivity of Pseudomonas aeruginosa to these 

chemicals, a perfect separation of the inner and outer membranes was not 

achieved. Several variations of the method used by Mizuno and Kageyama 

(1978) were tried. However due to the presence of the silver in high 

concentrations in these cells most attempts were unsuccessful.
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Figure 6.9 Separation of Inner Membrane (IM) and Outer membrane (OM) 
of Control and Ag-r cells of Ps.aeruginosa
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6.4.2.2.1 Succinate dehydrogenase specific activity measured as 

nmole / min/mg protein

culture t)pe inner membrane outer membrane % reduction in activity

control 180 <1 ----

control exposed to 0.2 pg/ml 

Ag

130 <1 83.3

Ag-r cells at 10 pg/ml Ag 160 <1 11.1

Ag-r cells at 100 pg/ml Ag 160 <1 11.1

Ag-r cells at 1000 pg/tnl Ag 154 <1 14.4

Table 6.4 Succinate dehydrogenase specific activity 

measured as nmole / min / mg protein 

Ô.4.2.2.2 Glucose dehydrogenase specific activity measured as 

nmole / min / mg protein

culture type iimer membrane outer membrane % reduction in activity

control 42 <1 -----

control exposed to 0.2 pg/ml 
Ag

8 <1 80.9

Ag-r cells at 10 pg/ml Ag 39 <1 7.1

Ag-r cells at 100 pg/ml Ag 39 <1 7.1

Ag-r cells at 1000 pg/ml Ag 36 <1 14.3

Table 6.5 Glucose dehydrogenase specific activity measured 

as nmole / min / mg protein

It can be seen from the results in Tables 6 .4 - and 6.5 that the Ag-r cells exhibited 

an 11% and 7% reduction of enzymatic activity of succinate and glucose 

dehydrogenase activity when grown in the lower concentrations of silver. 

Enzymatic activity was greatly reduced when the cells were grown in lOOOpg/ml
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silver. Control cells exposed to silver retained less than 20% of the enzyme 

activities o f succinate and glucose dehydrogenase.

6.4.2.2.3 Protein and KDO assay

From Table 6 . 6  (see Appendix A14), it can be seen that there was no difference 

in the protein assay in the inner and outer membranes of both Ag-r and control 

cells. However in the control cells exposed to silver, protein levels were greatly 

reduced. A high absorbance reading was recorded for the KDO assay in cells 

cultured in presence of silver. It must be noted that due to the small number of 

sample size used, to obtain significant results, the experiment would need to be 

repeated using a larger sample size.

6.5 Discussion

6.5.1 Extraction and Analysis of crude slime

Pseudomonas aeruginosa produces an extracellular slime layer characteristic of 

the species. The term ‘slime’ has been used to denote extracellular substances of 

different chemical and physical characteristics such as neutral sugars, 

polysaccharides, hexosamines and glucuronide according to their culture 

conditions and extraction procedure (Brown and Scott 1969, Bartell et al. 1970, 

Anastassiou et al. 1987, Marty era/. 1992, Scharfman er a/. 1996, Hassett e/a/. 

1997). Mucoid strains of Pseudomonas aeruginosa have been shown to produce 

copious amounts of extracellular polysaccharides on agar culture (Govan 1975). 

In my study the cells produced a sticky viscous slime in fluid cultures. Mucoid 

strains of Pseudomonas aeruginosa, have an exopolysaccharide that is
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chemically similar to alginic acid produced by a brown seaweed (Linker and 

Jones 1966). Alginic acid is a negatively charged 0-acetylated copolymer of p- 

1,1-4-linked p-D-mannuronic acid and a-L-guluronic acid (Linker and Jones 

1966) and is generally referred to as alginate. Costerton et a l (1978) proposed 

that alginate forms a ‘glycocalyx’ or loose capsule in which microcolonies are 

trapped. This was observed in the SEM studies of Ag-r cells cultured in presence 

of silver coated titanium pellets in Chapter 5.

The crude slime of Ps231 and Ag-r cells in my study was found to be composed 

of protein, glucose, uronic acid and KDO indicative of O-antigenic side chains 

of lipopolysacharide present in the outer membrane. This ‘alginate-like’ 

mucopolysaccharide production by these cells was greatly increased at higher 

concentrations of silver and this was shown by the measurement of total 

carbohydrate and uronic acid production. The ‘slime’ of Pseudomonas 

aeruginosa cells in my study was shown to elute 4 exopolysaccharides shown as 

peaks 1,2 3 and 4 of molecular weights ranging from approximately 12,800 to 

870,000. In my study, the amount of the exopolysaccharide produced by the 

Ag-r Pseudomonas aeruginosa cells varied according to the concentration of 

silver and this was found to be dependant upon the resistance to silver by these 

bacteria. The glycocalyx production of cells grown at 0.2 pg/ml silver was 

0.059pg/cell which was high compared to the total carbohydrates concentration 

of 1.65 X 10 pg/cell produced by the control culture. On increasing the 

concentration of silver to 1.25 pg/ml, the amount of glycocalyx produced per cell
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decreased. As the concentration of silver ions was further increased the amount 

of total carbohydrates produced per cell increased. This pattern of fluctuation in 

production of glycocalyx was observed until a silver resistant population of cells 

was achieved at lOOpg/ml silver. The glycocalyx production per cell was then 

higher compared to the amount produced by cells cultured at lower 

concentrations of silver. The total number of viable cells also decreased with an 

increase in the external concentration of silver ions.

It appears that exposure of the control cells to silver may cause metabolic 

stress conditions. Metabolic stress in microbial cells is known to decrease the 

overall energy charge of the cells leading to depressed metabolic activity 

(Knowles 1971, Davis and White 1980). Shifts in the adenosine nucleotide 

composition has been used to monitor the physiological status of the marine 

Pseudomonas, Pseudomonas atlantica by Uhlinger and White(l983). These 

workers have observed that increased metabolic stress leading to high levels of 

adenosine monophosphatase (AMP) and adenosine and low levels of adenosine 

triphosphatase (ATP) both inside and outside the cell correlated with a maximal 

production of glycocalyx during the stationary phase of growth. In my study the 

adenosine nucleotide composition, and therefore the energy status of the Ag-r 

cells, was not measured. However, it is highly possible for the cells to have been 

under some form of stress resulting from the presence o f toxic silver ions in the 

growth medium. As the total number of viable cells decreased with an increase 

in the silver concentration, it can be said that the cells which did not survive
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may not have been either ‘trained’ to tolerate the silver ions or not have been 

able to produce the extracellular glycocalyx produced by the 

Ag-r cells.

On further repeated exposure of the Ag-r cells to silver, high concentration of
Ol

total carbohydrate production by the Ag-r cell may be indicative of either^highly 

metabolic stress condition of the cell or a mechanism of resistance to silver 

manifesting itself over the repeated exposure of these cells to silver. At a high 

concentration of silver, electron dense particles were found to be present in the 

glycocalyx matrix (Chapter 5). Therefore the latter explanation seems more 

plausible, although it appears that the Ps231 may have been subject to metabolic 

stress on initial exposure to silver.

Also in a recent study it was shown that iron limiting conditions increase the 

level of adhesion of Pseudomonas aeruginosa by increased expression of mucin 

binding proteins by these bacteria (Scharfman et al. 1996). Under low to 

moderate concentrations of 5 to 10 pg/ml, the production of extracellular 

polysaccharide was shown to fluctuate.

Recent studies on mucoid alginate producing Pseudomonas aeruginosa showed 

that increased iron concentration was required for the process of alginate 

biosynthesis and increasingly high levels of pyoverdin and pyochelin were 

produced in comparison to the non mucoid bacteria (Hassett et al. 1997). In 

Chapter 4- the combined effect of silver with iron ions tended to slow down the 

overall growth pattern of the bacteria as well as decreasing the glycocalyx
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production. Clearly, the silver ions affect the production of exopolysaccharides 

when added to the growth medium. (Personal observation).

In my study the presence of microcolonies in the glycocalyx of Pseudomonas 

aeruginosa cells formed on the surface of the silver coated pellet in Chapter 5 is 

evidence of the presence of glycocalyx. The function of the glycolcalyx is to act 

in the manner of an ion exchange resin which can bind nutrient ions and 

molecules in the immediate environment making them available to the cell 

(Costerton et al. 1978). The glycocalyx matrix offers protection to bacteria 

from predatory viruses and its binding capacity traps even small harmful ions 

and molecules in the environment.

The toxicity of metal ions in cultures of Klebsiella aerogenes was found to be 

reduced by complexation of metals with capsular polysaccharides (Bitton and 

Friehofer 1978). Extracellular polymers have been shown to complex and 

concentrate metal ions when extracted from bacterial cultures (Dugan and 

Pickram 1972). It might have been interesting to observe the binding capabilities 

of silver ions with the extracellular polysaccharide extracted from the control 

cultures. In my study silver concentration in the exopolysaccharide was found to 

be high and silver was associated with all the fractions eluted on gel filtration of 

the crude slime. This indicates that binding of silver by the glycocalyx or 

interaction between the silver ions and the sugars of the polysaccharides that 

form the matrix of the glycocalyx does occur. In vitro interaction between D- 

glucuronic acid and Ag(I) ion studied by means of *H NMR and FT-IR
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spectroscopy shows the strong hydrogen bonding network of the free acid to be 

weakened upon sugar metalation by silver ions (Tajmir-Riahi 1986). For 

example. Figure 6 .10 shows the structure of D-glucuronic acid. The Ag (I) ion 

has been shown to bind to two sugar moieties within the structure of D- 

glucuronic acid via non-ionised carboxyl 06 ' atoms, (Type A, Figure 11 ). This 

results in a linear coordination around silver ion with no direct interaction 

between the nitrate anion and the Ag (I) ion in the Ag(D-glucuronic)N0 3  

compound. The interaction between Ag (I) ion and D-glucuronate results in 

silver ion binding to two sugar ions through 06  and 06' carboxyl oxygen atoms 

with a linear binding around each Ag (I) ion (Type B, Figure 6.11) in the Ag(D- 

glucuronate) compound.

The presence of silver dense particles in conjunction with chloride and osmium 

ions in the glycocalyx was visibly evident from the electronmicrographs of Ag-r 

cells cultured with silver (Chapter 5). The exopolysaccharide produced by the 

cells is dependant upon the concentration of silver ions. There is evidence of 

silver ions being bound to the glycocalyx resulting in reduction of silver at the 

cell membrane level.

6.5.2 Cell fractionation studies.

Most of the silver was found to be associated with the cell membrane fraction 

of the bacteria indicating the association of cell proteins with silver. A lot of 

silver was also found to be present in the whole cell and the cell debris fraction. 

This may arise from the combined adsorption of silver particles onto the cell
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Figure 6.11 Type A and TVpe B binding of Ag (I) ion to D-Glucuronic acid 
(Riahi- Tajmir 1986)
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surface as observed in the electron microscopic studies as well as internal 

compartmentalisation of silver. Modak and Fox (1973) found Ag to be bound 

on dissociation from labelled AgSD to DNA with the degree of binding 

dependent upon incubation time of bacteria with the metal ions. They also found 

maximum activity to be associated with the cell residue fraction consisting 

mainly of cell proteins and carbohydrates as was found in my study indicating 

the association of cell proteins with deposition of silver. Belly and Kydd (1982) 

found most of the total silver concentration to be associated vsath cell wall and 

membrane fraction on incubation of a strain of Pseudomonas named ‘K-9’ in 

their studies. In my study Ag-r cells had a relatively low percentage of silver 

concentration within the cell cytoplasm and the ribosomal fractions. The Ag-r 

cells did not have a great concentration of silver particles within the cell 

cytoplasm and therefore this result supports the observations of the electron 

microscopic studies from Chapter 5.

6.5.3 The effect of silver ions on the enzymatic activity in Ag-r cells.

The activity of the enzymes succinate dehydrogenase and glucose 

dehydrogenase was found to be predominantly located in the inner membrane 

fraction of the cells indicating that the respiratory enzymes to be located in the 

inner membranes of the Pseudomonas aeruginosa cells. Similar results were 

reported by Booth and Curtis (1977) and Mizuno and Kageyama (1978). In my 

study the specific activity of these enzymes was reduced slightly in Ag-r cells 

and greatly reduced in Ag-sensitive cells by the action of silver. KDO was
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detected primarily in the outer membrane fraction indicating the greater 

concentration of LPS in the fraction in the Ag-r cells. The LPS consists of 

glucose, rhamnose and heptose with galactosamine, alanine and 2-keto- 3- 

deoxyoctulosonic acid (KDO) which forms the backbone of the oligosaccharide 

core and therefore easily detectable in the cellular fractions. The silver ions may 

damage some cells and cause leakage of LPS into the growth medium thus 

making the presence of KDO easily detectable. The protein content was not 

greatly different between the control and the Ag-r cells. However it was reduced 

in control cells because these cells did not survive for longer than two hours on 

exposure to silver.

6.6 Summary

The amount of crude slime extracted from the Ag-r and Ag-sensitive cells 

measured at various concentrations of silver the presence of uronic acid and 

total carbohydrate content in the crude slime fraction. The extracellular 

polysaccharides produced by the Ag-r cells were found to be of high molecular 

weights and were produced in response to the external concentration of silver in 

the growth medium. High concentrations of silver were found to be associated 

with the extracellular polysaccharides in the Ag-r cells. Most of the silver 

present in the growth medium was found to be associated with and indicative of 

silver deposition at the cell membrane fraction. The effect o f silver ions is more 

pronounced on the enzymatic activity in the Ag-sensitive cells of Pseudomonas 

aeruginosa compared to the Ag-resistant cells. The KDO activity was higher in
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the outer membrane fraction of Ag-r cells indicative of ce ll, damage at the cell 

membrane level resulting in leakage of polysaccharides.

As most of the silver deposition was found to occur at the cell membrane level 

in this Chapter, the outer membrane proteins of both the Ag-r and the parent 

cells will be extracted and analysed for their association with silver in Chapter 7.
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Chapter 7 

Outer Membrane Proteins of Ag-r cells.

7.1 Introduction

In Gram negative bacteria the cell wall or the cell envelope consists o f the outer 

membrane, the peptidoglycan layer and the cytoplasmic membrane (Figure 7.1 ). 

The outer membrane is very important in the physiology of the Gram negative 

bacteria making them resistant to host-defence factors such as lysozymes, p- 

lysin and various leucocytes proteins (Nikaido 1993). The outer membrane is 

composed of P-phospholipid (20-25%), lipopolysaccharides (LPS), (30% ) and 

proteins (45-50%) and is asymmetric with LPS and protein in the outer leaflet 

and phospholipid and protein in the inner leaflet of the bilayer of the membrane 

with some of the protein spanning the bilayer (Neilands 1982). The LPS 

molecule consists of three regions covalently linked together, a hydrophobic 

lipid component (Lipid A), a core polysaccharide and 0-antigenically specific 

polysaccharide side chains which are polymers of repeating sequences of two to 

four monosaccharide units including i hexoses, pentoses, deoxy-, dideoxy-, 

amino-, and diamino sugars. The outer face in the smooth or S-forms consisting 

of these side chains is highly hydrophilic and acts as a barrier to the passage of 

the hydrophobic molecules. The core polysaccharide generally consists of 

aldoheptoses and 2-keto-3-deoxyoctonate and is generally in composition for S- 

forms from a particular genus of bacteria. Ketodeoxyoctonate provides together 

with the phosphate residues a net negative charge to the LPS , a linkage to the
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Wall and M embrane Structures in the Gcntis P s e u d o m o n a s
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Figure 7.1 Diagram to show the chemical composition of the wall and membrane layers of
Ps.aeruginosa
(Meadow 1975)
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lipid A region of the molecule via an acid labile bond. The lipid A region of the 

LPS consists of phosphorylated glucosamine residues forming di- or higher 

oligosaccharides to which are attached both O- and N-fatty acyl ester, the N-acyl 

residue being a 3-hydroxyalkanoic acid. Functions of the outer membrane are 

believed to include transport of metabolites, antibiotic resistance and 

impermeability, antigenic and serological reactions and aeruginocin and phage 

receptors (Hancock 1997).

The peptidoglycan or the murein layer represents 2-10% of the total dry weight 

of the cell wall and varies in thickness between 3-lOnm. This layer imparts 

shape and rigidity to the cell and various proteins found here are thought to be 

involved in binding and processing of transported solutes. The matrix protein 

and the lipoprotein which are associated with the peptidoglycan layer, 

chemically stabilise these two wall layers as a single complex. The phospholipid 

is phosphatidylethanolamine with smaller amounts of cardiolipin and 

phosphatidylglycerol. The proteins consist of more than 20 different types of 

polypeptides identified from the outer membranes on SDS-PAGE gels with the 

major outer membranes proteins varying from 4 to 6  in different species making 

up to 70% of the protein content (Wong and Hancock 1996, Sukhan and 

Hancock 1996, Rehm and Hancock 1996, Hancock, 1997). Other major integral 

proteins include the ‘porins’ which have been demonstrated to form hydrophilic 

transmembrane channels for passive diffusion of small molecules across the 

outer membrane. Minor proteins greatly out number the major proteins and
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include receptors for a range of bacteriophages and colicins and also functional 

binding proteins for transport of some nutrients. Specific transport systems for 

Vitamin B,2 , iron, maltose, and maltodextrin as well as nucleosides have been 

demonstrated in Escherichia coli as well as Pseudomonas aeruginosa. (Caulcott 

etal. 1983).

The cytoplasmic membrane consists of a phospholipid- protein bilayer (60% 

protein, 30% lipid) and it contains a number of hydrolytic enzymes that allow 

for preprocessing some of the incoming nutrients and postprocessing o f some 

secreted or excreted material as well as binding proteins involved in active 

transport of nutrients across the plasma cell membrane.

Between the outer cell membrane and the cytoplasmic membrane lies the 

periplasmic space, the size of which depends on the osmolarity of the external 

milieu. The periplasmic space can represent up to 20 - 40% of the total cell 

volume. It is iso- osmotic with the cytoplasm of the cell which allows for the 

turgor pressure in the peptidoglycan-outer membrane complex that contributes 

to the mechanical protective role of the cell wall.

Gram negative bacteria also produce a wide variety of extracellular 

mucopolysaccharides including the glycoprotein S-layers. Pseudomonas 

aeruginosa cells produce irregular, nonrepeating, heteropolymers of mannuronic 

and glucuronic acids that resemble alginates and are retained as flexible 

peripheral capsules. Pseudomonas aeruginosa can also produce a homopolymer 

of 2 -ketoglucuronic acid as an outer glycocalyx layer.
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Due to the presence of electron dense silver particles observed to be present in

cellular cytoplasm and within the cell wall membrane in the Ag-r Pseudomonas

aeruginosa cells (Chapter 5) in this chapter outer membrane proteins were

. the
extracted from Pseudomonas aeruginosa grown in,^presence and absence of 

silver nitrate. These proteins were separated by SDS-PAGE and analysed for 

their silver content.

7.2 Materials and Methods

7.2.1 Theory of polyacrylamide gel electrophoresis (PAGE)

The separation of proteins by polyacrylamide electrophoresis in the presence of 

the anionic detergent SDS is dependant on the molecular weights of their 

polypeptide chains. When a solution of excess SDS is added to proteins in the 

presence of a thiol reagent needed to cleave the disulphide bonds of the proteins, 

the latter dissociates into rod shaped individual polypeptide chains and SDS is 

bound at a constant weight ratio of 1.4g SDS/g polypeptide and introduces one 

negative charge for each molecule bound, thus rendering all molecules 

negatively charged. The total charge of the protein—SDS complex at neutral pH 

is dependant on the charge of the SDS molecules, thus the electric mobility of 

the protein—SDS complex is mainly dependant on the molecular weight of the 

protein.The molecular weight of the unknown protein is determined by plotting 

log MW versus relative mobility for a series of standards, which gives a linear 

relationship (Weber and Osborn 1969). The sieving effect of the gel which is an 

exponential function is important and different gel concentrations should be
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chosen for different sized proteins.

7.2.1.1 Polyacrylamide gels

All gels were prepared using electrophoresis purity reagents as follows: the 

solubilising buffer was composed o f O.IM Tris-HCl pH 6 .8 , SDS (2%), 2- 

mercaptoethanol (1%), sucrose (2%) and bromophenol blue (0.01%). The 

solution was stored in dark at 4®C. The resolving gel buffer was composed of 

Tris (36.3g/100ml) distilled water and adjusted to pH 8 . 8  with concentrated HCl. 

The stacking gel buffer was composed of Tris (6g/100ml) in distilled water and 

adjusted to pH 8 . 8  with concentrated HCl. The reservoir buffer was composed of 

Tris (3.03g/l), glycine (14.4g/l), and SDS (lg/1). A resolving gel o f 12.5% was 

made up by dissolving 12.5ml Bis-acrylamide in 3.75ml resolving buffer to 

which was added 0.3ml of 10% SDS, 1.5ml of 1.5% ammonium persulphate, 

14.5ml distilled water and 0.015ml Temed.

The stacking gel was composed of 3.3ml bis- acrylamide, 5.0ml stacking gel, 

0.2ml SDS, 1.0ml of 1.5% ammonium persulphate, 10.45ml of distilled water 

and 0.015ml of Temed. The bis-acrylamide was composed of 30g/100ml of 

acrylamide dissolved in distilled water which was filtered and to which was 

added 0.8g/100ml of Bis. The solution was stored in a dark bottle at 4°C.
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7.2.2 Extraction of outer membrane proteins (Omp) and whole cell 

envelopes (wee).

Ag-r cells were grown in presence of 10, 50 100 and lOOOpg/ml silver on NA 

plates and covered in silver foil to prevent oxidation of silver in the growth 

medium. The plates were incubated at 2>TC until substantial bacterial growth 

was obtained. Parent cells Ps231 were grown on NA without silver. The cells 

were then scraped off with sterile glass slides and washed off the Petri dishes 

with a maximum quantity of PBS. A modification of the method of Mizuno and 

Kageyama (1978) was used for the extraction of the outer membrane proteins. 

The cell suspension was centrifuged at 8,000 x g for 10 minutes at 4°C in a 

Sorvall 5B-RC superspeed centrifuge. The resulting cell pellet was suspended in 

50mM Tris buffer (pH 7.0) and the suspension was sonicated for two 60 second 

bursts and one 45 second burst at 12-14 pA, with a Dawes soniprobe, cooling 

samples on ice in between sonication. The sonicated samples were then 

centrifuged at 1 2 , 0 0 0  x g for 1 0  minutes to spin down the cell debris and any 

remaining whole cells. The supernatant was then centrifuged at 40,000 x g for 

60 minutes to obtain the crude outer membrane pellet which was resuspended in 

50mM Tris-SLS buffer composed of 1.67% SLS in 50mM Tris at pH 7.6. The 

pellets were then centrifuged down at 50,000 x g for 25 minutes to obtain the 

pure outer membrane protein samples. The pure outer membrane protein 

samples were boiled for 2 minutes in Tris-SLS buffer. Then about lOOpI of 

solubilising buffer was added to the pellets before boiling them for a further 1 0
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minutes. About 10-15|il of this sample was then loaded onto gels and 

electrophoresed at 28mA and lOOV for 4 hours until the dye front came down to 

the bottom of the gel. Each sample of the outer membrane protein was 

separated three times on the SDS PAGE gel. Low molecular weight markers 

(Sigma) consisting of phosphorylase B rabbit muscle 97400; bovine serum 

albumen, 66000; ovalbumen, 45000; carbonic dehydrogenase, 34000; pepsin, 

30000; trypsinogen, 24000 and lysozyme, 14000 were used as standards. The 

gels were stained overnight on a shaker in 30% methanol with 10% acetic acid 

in 0.1% comassie blue and destained in 30% methanol with 10% acetic acid 

with 4-5 changes of destain over the whole day. Small pieces of sponge were 

added to soak up the blue dye. The gels were then photographed.

The apparent molecular weights o f the protein bands were calculated by the 

method of Weber and Osborn (1969), using relative electrophoretic mobilities. 

The relative mobility (Rf) the migration distance of the protein from top of the 

gel to the centre of the protein band divided by the distance of the Bromophenol 

Blue tracking dye from the top of the gel was plotted against the known 

molecular weights on semi-logarithmic paper and the apparent molecular 

weights of the unknown protein was determined from this calibration curve.

A table of nomenclature of the major outer membrane proteins composed by 

Hancock and Carey (1979). Table 7.1 was used as a guideline to name the major 

outer membrane proteins according to their apparent molecular weights, as well 

as taking into consideration, the I2.5%composition of the PAGE gel in my
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study.

7.2.3 Extraction of sliver associated proteins from the SDS-PAGE gels.

The protein bands on the gels were cut and prepared for analysis of total silver 

content associated with each protein band as follows. The protein bands were 

cut in 2mm sections. The bands were then homogenised in 2ml of 0.05M 

ammonium bicarbonate with 0.05% SDS. The resulting gel slurry was then 

incubated at 37°C for 10 hours in a shaking water bath and centrifuged to 

remove the blue supernatant from the pellet. The pellet was vortexed twice in 

1ml 0.05M ammonium bicarbonate with 0.05% SDS. Both sets of supernatants 

were then pooled together and dialysed at 4®C against 0.005% SDS for 18 hours. 

The dialysed material was then lyophilised to remove all traces of the 

ammonium bicarbonate buffer. The amount o f ‘bound’ silver from the proteins 

separated on the SDS-PAGE gels was measured as follows. 2ml of 2:1 mixture 

of concentrated sulphuric acid and nitric acid was added to the dialysed 

material and heated for 1 hour in a water bath at 80°C. This mixture was 

diluted in 1 0 % acid solution of 2 : 1  mixture of concentrated sulphuric acid and 

nitric acid. A standard silver curve was obtained by preparing appropriate 

samples of varying concentrations of silver nitrate in a 2 : 1  mixture of the 

concentrated sulphuric acid and nitric acid. The samples were then analysed for 

silver content using the atomic absorption spectrophotometer and the silver 

content of the protein samples was determined.
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7.2.4 Nomenclature of Pseudomonas aeruginosa outer membrane proteins.

Name used 
in paper

Matushista 
era /(1978) 

10% SDS 
gel

Hancock 
and 

Nikaido 
(1978) 

11% SDS 
gel (A)*

Hancock
and

Nikaido
(1978)

11% SDS 
gel (B)*

Hancock 
and 

Nikaido 
(1978) 

14% SDS 
gel 

LT**

Hancock 
and 

Nikaido 
(1978) 

14% SDS 
gel HT**

Booth 
and 

Curtis (1977) 
11% SDS gel

Molecular weight of proteins (10') Daltons
(KDa)

DI D
49

— D
49

35.5 46 I
56

D2 — — — 35.5 45.5 —

E — 44 45 — — n
53

F* — — — 41** —

F 31 35 37 39** — m
38

G* — — ------- 25 —

G 20 21 22.5 19 — IV
21

HI H
18

H
17

H
18.7

18.2 21 V
16

H2 — — — 20.5 20.5 —

I 8.7 — — 9 to 14 9 to 12 —

Table 7.1 Nomenclature of Pseudomonas aeruginosa outer membrane 
proteins.

(A)* impure SDS
(B)* ultrapure SDS
LT** proteins solubilised at low temperature 
HT* proteins solubilised at high temperature
* the apparent molecular weights of protein F and F* were also found to be affected after solubilisation in SDS at various 
concentrations of 2-mercaptoethanol (Hancock and Carey 1979).

7.3 Results

Results of the outer membrane proteins separated on three gels labelled as Gel 

1, 2 and 3 (Figures 7.2, 7.3 and 7.4 respectively) are shown in my study. Gel 1 

(Figure 7.2), shows the separation of omp (outer membrane proteins) and wee 

(whole cell envelope) protein samples extracted from Ag-r cells grown at 

lOpg/ml silver and parent cells. Gel 2 (Figure 7.3) shows the separation of omp
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and wee protein samples extracted from Ag-r ceils grown at 10, 50, 100 and 

lOOOjig/ml silver and from parent cells. Gel 3 (Figure 7.4) shows the separation 

of omp from Ag-r cells grown at lOpg/ml silver and from Ag-r cells previously 

grown at lOpg/ml silver but reverting back to being silver sensitive after being 

subcultured in absence of silver.

7.3.1.1 Apparent molecular weights of omp and wee proteins in Ag-r cells at 

10 pg/ml Ag and parent cells Ps231 of Pseudomonas aeruginosa separated 

and analysed for their silver content in Gel 1 in Figure 7.2

For ease of calculating the apparent molecular weight of the proteins, the bands 

on the gels were labelled numerically by the number of the bands visibly stained 

starting at the top of the gel to the bottom. For example, a total of 26 protein 

bands, both major and minor, were found to separate on Gel 1 (Figure 7.2) and 

were labelled as protein 1 to protein 26 in Table 7.2.

A total of 10 major outer membrane proteins were judged to be present in either 

the whole cell envelope or outer membrane protein profile of either or both the 

Ag-r and Ps231 cells in Gel 1 (Figure 7.2). These were proteins DI (58 kDa), D2 

(56 and 54 kDa), E (49.5 and 46 kDa), F* (40 kDa), F (36, 34, 33, 32 and 

29kDa), G*(25 kDa), G (22.5 kDa), HI (19 kDa), H2 (19.95 kDa) and I (14.5 

kDa). Extremely faint staining of bands o f proteins 1 to 7 and of proteins DI 

and D2 was observed in the protein profile of the Ps231 cells in lane 4, Figure 

7.2. By comparison, proteins DI and D2 were heavily stained in the protein 

profile of the Ag-r cells (lane 3, Figure 7.2). Also the absence of protein E was
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observed in the protein profile of the Ps231 cells in lane 4, Figure 7.2. Several 

bands which were designated as protein F bands were separated on the protein 

profile of the Ps231 cells and stained faintly in the protein profile of the Ag-r 

cells. Proteins 21 and 22 ( apparent MW 18.95 and 16 kDa) were separated and 

in the omp profile of the Ag-r cells and not the Ps231 cells.

From Table 7.2, it can be seen that a high concentration of silver was associated 

with the wee proteins and the omp from the Ag-r cells. The high molecular 

weight proteins 1 to 7 in the Ag-r cells also had silver associated with them as 

did the lower molecular weight proteins. Silver was found to be associated with 

all the outer membrane proteins in the Ag-r cells. Several proteins were 

detected in the outer membrane of the Ag-r cells with apparent molecular 

weights of 18.95, 16, 12.95, 12.5 and 1 l.SkDa. All these proteins were either 

not observed to be produced by the Ps231 cells or the concentration of these 

proteins was greatly reduced in these cells.

217



Chapter 7

97K phosphorylase B

66K BSA

45 K ovalbumin

34K pepsin

*14

24K trypsinogen

4K lysozyme

2a 1

Figure 7.2 Gel 1: SDS PAGE of outer membrane proteins (omp) and whole cell envelope
(wee) of Ps231 cells (cultured without silver) and Ag-r in cells (cultured in varying
concentrations of silver).
Lane 1: wee proteins of Ps231 cells 
Lane 2: wee proteins of Ag-r cells 
Lane 2a: wee proteins of Ag-r cells 
Lane 3: omp of Ag-r cells 
Lane 4: omp of Ps231 cells 
Lane 5: Molecular weight markers
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Table 7.2 Apparent molecular weights of omp and wee proteins in Ag-r cells at 10 pg/ml Ag 
and parent cells Ps231 of Pseudomonas aeruginosa separated and analysed for their silver 
content in Gel 1 (Figure 7.2).

G ELl lane 1 lane 2 and 2a lane 3 lane 4

protein
tjpe

WCE» Ps231 cells WCE Ag-r cells 
10 pg/ml Ag

OMP Ag r  at lOpg/ml
Ag

OMP Ps231 cells (No Ag) major outer
membrane
protein

MW
(kDa)

lAgl
mg/ml protein

MW
(kDa)

lAg)
mg/ml protein

NW
(kDa)

|Ag|
mg/ml
protein

MW
(kDa)

lAgJ
mg/ml
protein

protein 1 A* 1.5x10- 103.5 2.5x10’ 103.5 2.5x1 O' A 1.5 X  10 ' HMW

protein 2 A 5 X  10' 95; 94 1.3x10- 95; 94 1.75x10- A 1 .5x10 ' HMW

protein 3 A 1.5x10' 85 1.8x10- 85 1.4x10- A 1.5x 10' HMW

protein 4 82 5 X  10' 82 1.7x10- 82 1.25x10- A 1.5x10'* HMW

protein 5 A 1.5x10' 77 3.75x10- 77 3.25x10- A 1.5x10 ' HMW

protein 6 73 5 X  10' 73 2.2x10- 73 1.25x10- A 1.5 x KP HMW

protein 7 65 1.5x10-* 65; 64; 
63

2.65x10- 65; 64; 
63

2.4x10- A 1.5 X  10' HMW

protein 8 58 1.5x10' 58 4.2x10- 58 4.75 xlO ' ?58* 1.5x10*' DI

protein 9 56 1.5x10-* 56 3x10- 56; 54 3.75 xlO- ? 1.5x 1(P 02

protein 10 A 1.5x10' 46 1.4x10- 49.5; 46 1.8x10- A 1.5x10*' E

protein 11 40 1.5x10-* 40 5.5x10- 40 6.5x10- 40 1 .5x10 ' F*

protein 12 A 1.5x10' A 8 X 10' 36; 34 7.5x 10' 36; 34 1 .5x10 ' F

protein 13 33 1.5x10' 33 3x10' 33 7.5x 10' 33 5 x 1 0 ' F

protein 14 A 1.5x10' A 8 X 10' 32 1.5x10- 32 2.5 X  10 ' F

protein 15 29 1.5x10-* 29 1.75x10- A 1.5x10' 29 5 X  10 ' F

protein 16 A 1 .5x10 ' A 8 X 10' 25 1.75x10- A 1 .5x10 ' G*

protein 17 A 1.5x10 ' A 7.5x10' A 7.5x 10' 24 5 X  10' G?

protein 18 A 1 .5 x 1 0 ' A 1.5x10' 22.5 1.75x10- 22.5 1 .5 x 1 0 ' G

protein 19 A 1 .5 x 1 0 ' A 2.4x10' 19.95 4x10- 19.95 5 X  10' H2

protein 20 A 1 .5x10 ' 19 1.25x10- 19 3.5x10- 19 5 X  10' H1

protein 21 A 1 .5 x 1 0 ' A 8 x 1 0 ' 18.95 2.5 xlO- A 5 X  10 ' ?LMW
PROTEIN

protein 22 A 1 .5x10 ' A 8 x  10' 16 2.75x10- A 5 x 1 0 ' ?LMW
PROTEIN

protein 23 14.5 1 .5x10 ' 14.5 1.75x10- 14.5 2.75x10- 14.5 5 X  10 ' I
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Table 12  Apparent molecular weights of omp and wee proteins in Ag-r cells at 10 pg/ml Ag 
and parent cells Ps231 of Pseudomonas aeruginosa separated and analysed for their silver 
content in Gel 1 (Figure 7.2).

Table 7.2 
continued

G ELl

lane 1 lane 2 and 2a lane 3 lane 4

protein
type

WCE* Ps231 cells WCE Ag-r cellsat 10 
pg/ml Ag

OMP Ag-r a t ID 
pg/ml Ag

OMP Ps231 cells (No Ag) major outer
membrane
protein

MW
(kDa)

lAgl
mg/ml protein

MW
(kDa)

lAg|
mg/ml protein

MW
(kDa)

(Agi
mg/ml
protein

MW
(kDa)

[Agi
m^ml
protein

protein 24 12.95 1.5 X 10 ’ 12.95 7.5x lO"* 12.95* 2.5x lO-* ? 1 .5x10’ ?LMW
PROTEIN

protein 25 A 1.5 X 10’ A 8 x 1 0 ’ 12.5 1.75x10’ ? 1.5 X  10’ ?LMW
PROTEIN

protein 26 A 1 .5x10’ A 8 x 1 0 ’ 11.5 1.75x10" ? 1.5 X  10 ’ ?LMW
PROTEIN

? *  refers to a greatly reduced concentration o f protein; 
A *  ; loss o f the protein from the sample.
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7,3.1.2 Apparent molecular weights of omp and wee proteins in Ag-r ceils at 

10,50,100 and 1000 pg/ml of silver and parent cells Ps231 of Pseudomonas 

aeruginosa separated and analysed for their silver content in Gel 2 in Figure

7.3.

A total of 8 major outer membrane proteins were judged to be present in either 

the Ag-r or the parent cells in their whole cell envelopes or the outer membrane 

proteins. These proteins were identified as proteins DI (49kDa), D2 (46kDa), E 

(43kDa), F*(39kDa), F (33 and30kDa), G (22kDa), H (1 SkDa) and I (14.5kDa). 

From the results in Table 7.3 and Gel 2 (Figure 7.3) it can be seen that proteins 1 

to 7 with apparent molecular weights ranging from 105kDa to 57kDa appeared 

to be lost from the protein profile of the outer membrane and whole cell 

envelope of parent cells Ps231. Small discrepancies in the molecular weights of 

some of the proteins analysed and the number of bands some proteins resolved 

into were observed in Gel 2 (Figure 7.3) and therefore the results were not 

identical to the results obtained for Gel 1 (Figure 7.2). Also a change in the 

proteins produced by the Ag-r cells grown in different concentrations of silver 

was observed as the production of some oÇproteins was lost or greatly reduced 

with an increase in the external concentration of silver in which the cells were 

cultured (Table 7.3). For example, the bands of proteins DI, D2, E, F* and 

protein 13, and one of the bands of protein F, were absent from the protein 

profile of the omp of the Ag-r cells cultured at lOOOpg/ml silver. Also a loss of 

proteins of the heavier molecular weights greater than 60kDa was observed in 

the omp profile of cultures of Ag-r cells at varying concentrations of silver. A
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background reading of 1.1x10'^mg Ag/ml protein was analysed for the gel only. 

Silver did not appear to be associated with the outer membrane and whole cell 

envelope proteins of the parent, Ps231 cells. A high concentration of silver was 

found to be associated with proteins 1 to 7 where present and separated in the 

whole cell envelope protein sample in Ag-r cells. The major omps were also 

found to be associated with high concentrations of silver. For example. Protein 

D2 had a high concentration of silver in Ag-r cells cultured at 10, 50, 100 and 

1 OOOpg/ml of silver as did protein F* and protein H. Only one protein at 12kDa 

was produced by cells at all concentrations of silver and the parent cells except 

for Ag-r cells cultured at lOOOpg/ml silver. This protein was found to be 

associated with higher concentrations of silver as the external concentration of 

silver in the medium was increased.
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carbonic anhydrase

I' '' trypsinogen

lysozyme

Figure 7.3 Gel 2: SD S PAGE o f  outer membrane proteins (om p) and w hole cell envelope (w ee) o f

Ps231 ce lls (cultured without silver) and A g-r in ce lls (cultured in varying concentrations o f  silver)

Lane 1: om p o f  Ps231 cells

Lane 2: w ee proteins o f  A g-r ce lls  at lOpg/m l A g

Lane 3: om p o f  A g-r ce lls at lOpg/ml A g

Lane 4: w ee proteins o f  Ps231 cells

Lane 5: w ee proteins o f  A g-r ce lls  at 50g/m l A g  

Lane 6: om p o f  Ag-r ce lls  at 50p g/m l A g  

Lane 7; om p o f  A g-r ce lls  at lOOpg/ml Ag  

Lane 8: w ee proteins o f  A g-r ce lls  at lOOpg/ml A g  

Lane 9: w ee proteins o f  A g-r ce lls  at lOOOpg/ml A g  

Lane 10: omp o f Ag-r ce lls  at lOOOpg/ml A g
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Table 7.3 Apparent molecular weights of omp and wee proteins in Ag-r cells at 10, 50, 100 

and 1000 pg/ml of silver and parent cells Ps231 of Pseudomonas aeruginosa separated 

and analysed for their silver content in Gel 2 (Figure 7.3).

protein
type&
nomen
clature

OMP 
Ps231 
(no Ag) 
Lane 1

WCE* 
Ps231 
(no 

Ag) 
Lane 4

OMP 
Ag-r at 
10
Â g/ml Ag 
Lane 3

WCE 
Ag-r at 
10
^ m l  Ag 
Lane 2

OMP Ag-r 
at 50 
Mg/ml Ag 
Lane 6

WCE Ag-r 
a t SO 
/ig/ml Ag 
Lane 5

OMP 
Ag-r at 
100
Mg/ml Ag 
Lane 7

WCE 
Ag-r at 
100
Mg/ml .Ag 
Lane S

OMP 
Ag-r at 
1000 
Mg/ml Ag 
Lane 10

WCE 
Ag-r at 
1000 
/ig/ml.Ag 
Lane 9

Mw (KDa)

protein 1 A* A A 105 A A A A A A

lAg)* 1.1x10""' 1.1x10-' 1.1x10’ 1.5x10’ 1.1x10’ l.Ix lO ’ 1.1x10’ 1.1x10’ 1.1x10-' 1.1x10’

protein 2 A A 80; 79.5 80; 79.5 A A A A A A

[Ag] 1.1x10-' 1.1x10’ 1.7 xlO ’ 1.75x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 3 A A 74 74 A 74 A 74 A A

fAg) 1.1x10-' 1.1x10’ 1.8x10’ 4.5x10-* 1.1x10’ 7.5x10’ 1.1x10’ 3.4x10’ 1.1x10’ 1.1x10’

protein 4 A A 68 68 A 68 68 68 A A

[Ag] 1.1x10’ 1.1x10’ 2.4x10’ 3.9x10-' 1.1x10’ 9.5 xlO ’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 5 A A 62 62 A A A A A A

[Ag] 1.1x10’ 1.1x10’ 2.2 xlO ’ 3.4 xlO ’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 6 A A 60 60 A A A A A A

[Ag] 1.1x10’ 1.1x10’ 1.1x10’ 4x10-' 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 7 A A 57 57 57 A 57 57 A A

[Ag] 1.1x10’ 1.1x10’ 3.2 xlO’ 3.7 xlO ’ 2x10-' 1.1x10’ 6 xlO ’ 8 xlO’ 1.1x10’ 1.1x10’

protein 8 53 53 53 A 53 ?• 53 53 A A

[Ag] 1.1x10’ 1.1x10’ 1.7x10’ 9.8 xlO ’ 2.3x10"* 1.1x10’ 7x10-* 5x10"* 1.1x10’ 1.1x10’

protein 9 49 49 49 49 49 49 49 49 A 49

[Ag] 1.1x10’ 1.1x10’ 3.4x10-* 3.8x10"* 1.6x10’ 1.1x10’ 5x10’ 1.7x10’ 1.1x10’ 7.3x10’

protein 10 
(D2)

46 46 46 46 46 46 46 46 A 46

[Ag] 1.1x10’ 1.1x10’ 3 8x10"* 3.5x10-* 2.7x10’ 4.5x10’ 4x10’ 4.8x10’ 1.1x10’ 8.3x10’
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Table 7.3 
continued

protein
type&
nomen
clature

OMP 
Ps231 
(no Ag) 
Lane 1

WCE* 
Ps231 
(no 
Ag) 
Lane 4

OMP 
Ag-r at 
10
Â g/ml Ag 
Lane 3

WCE 
Ag-r at 
10
A/g/ml Ag 
Lane 2

OMP Ag-r 
at 50

Ag 
Lane 6

WCE Ag-r 
at 50 
Mg/ml Ag 
Lane 5

OMP 
Ag-r at 
100
/ig/ml Ag 
Lane 7

WCE 
Ag-r at 
100
Aig/ml Ag 
Lane 8

OMP 
Ag-r at 
lOOO 
A^ml Ag 
Lane 10

WCE 
Ag-r at 
1000 
/ig/ml Ag 
Lane 9

Mw (KDa)

protein 11 
(E)

43 43 43 43 43 43; 41 43; 41 43 A 43

[Ag] 1.1x10’ 1.1x10’ 1.7x10“* 2.4x10“* 1.7x10’ 3.4x10’ 3.4x10’ 4.3x10’ 1.1x10’ 4x10’

protein 12
(F*)

39 39 39 39 39 39 39 39 A A

[Ag] 1.1x10’ 1.1x10’ 1.5x10-* 2x10“* 1.9x10’ 3.8x10’ 3.5x10’ 3.9x10’ 1.1x10’ 1.1x10’

protein 13 
(F)

33 33 33 A 33 33 A A A A

[Ag] 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’ 0.9x10’ 1.8x10’ 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 14 
(F)

30 30 30 30 30 30 30 30 30 30

[Ag] 1.1x10’ 1.1x10’ 3.4x10“* 4.3x10“* 2.9x10“* 4.3x10“* 3.5x10’ 4.7x10’ 6.5x10“* 7.3x10“*

protein 15
(G)

A A 22 22 22 22 22 A A A

[Ag] 1.1x10’ 1.1x10’ 2.6x10“* 2.2x10“* 1.1x10’ 2.3x10“* 3.5x10“* 1.1x10’ 1.1x10’ 1.1x10’

protein 16 
(H)

18 18 18 18 18 18 18 18 18 A

[Ag] 1.1x10’ 1.1x10’ 1.9x10’ 2.5x10“* 2.6x10“* 4.8x10“* 3.4x10“* 3.9x10“* 5.8x10“* 1.1x10’

protein 17
(I)

14.5 14.5 14.5 14.5 14.5 14.5 A A A A

[Ag] 1.1x10’ 1.1x10’ 1.5x10“* 2.5x10“* 6.4x10“* 1.4x10“* 1.1x10’ 1.1x10’ 1.1x10’ 1.1x10’

protein 18
?LMW
protein

12 12 12 12 12 12 12 12 A A

[Ag] 1.1x10’ 1.1x10’ 3x10“* 1.3x10“* 6.5x10“* 2x10“* 7.2x10“* 5.7x10“* 1.1x10’ 1.1x10’

[Ag]* measured in mg/ml protein

**;a background reading o f  silver concentration in the gel o f  1.1 xlO  ’rag/ml o f  protein w as obtained.
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7.3.1.3 Molecular weights of proteins analysed from outer membrane 

proteins in Gel 3 (Figure 7.4).

A total of 9 major outer membrane proteins were judged to be present in the 

omp separation Gel 3 (Figure 7.4). These were proteins DI (52kDa), D2 

(43kDa), E (41 kDa), F*(35kDa), F (30 and 26kDa), G*(23.5kDa), G(21kDa), H 

(19kDa) and I (14.5kDa). The absence of proteins 6 and 7 (57 and 54kDa 

respectively) and of protein F* (30kDa) was apparent in the outer membrane of 

the Ag-resistant cells (lane 1, Figure 7.4). In the protein profile of the reverted 

strain there was a loss of proteins 1 and 2^apparent molecular weights of 101 

and 80kDa respectively and a great decrease in the production of the proteins 3 

and 4 (74 and 65kDa respectively), as reflected by the extremely faint bands. 

Protein DI was stained as a heavy band in the protein profile of the Ag-r cells 

and stained extremely faint in the protein profile of the reverted strain. Protein 

18(16.5kDa) was not produced by the Ag-r cells.

The overall concentration of silver in the Ag-r cells was greater than the 

reverted strain (Table 7.4). A background reading of 7x10"  ̂mg Ag / ml protein 

analysed was obtained for the gel only. It was interesting to note that protein 1 

and 2 were absent in the silver reverted strain of Pseudomonas aeruginosa, but 

that these proteins were found to have 2xl0^mg Ag / ml protein and 2xl0'^mg 

Ag / ml protein associated with them. Proteins 6 and 7 which were found to be 

absent from Ag-r cells had a background reading of 7.5x10'^ mg Ag / ml protein 

per ml of gel analysed and the same proteins also had silver associated with
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them in the protein bands resolved in the silver reverted strain of Pseudomonas 

aeruginosa. The two LMW proteins 17 and 18 were stained more heavily in the 

protein profile of the Ag-r cells than that of the Ag-reverted strain of 

Pseudomonas aeruginosa and had a higher concentration of silver associated 

with them.

Table 7.4 Showing apparent molecular weights of proteins analysed from 

outer membrane proteins in Gel 3 (Figure 7.4) of Ag-resistant cells of 

Pseudomonas aeruginosa cultured at 10 //g/ml of silver and from the same 

strain after reverting back to being Ag-sensitive.

Protein type Major OMP OMP Ag-R
mg/ml ^o te in

OMP Ag-r 
reverted to Ag- m g/iiil^otein

MW (KDa)

Protein 1 101 2 x 1 0 - ' A 7 x 1 0 " '

protein 2 80 2 x  10^ A 7 x 1 0 ^

protein 3 74 2 .5 x 1 0 -' 74 7 x 1 0 -’

protein 4 65 1.75x10-' 65 7 x  10"*

protein 5 59 2.4x10-' 59 7x10-*

protein 6 A 7.5x10 ' 57 7 x 1 0 -’

protein 7 A 7 .5 x 1 0 ’ 54 7x  10-*

protein 8 DI 52 5 .5x10-' ?• 8.5x10 ’

protein 9 D2 43 7 .3x10-' 43 2 x  10-"

protein 10 E 41 4.7 X  10-' 41 1.8x 10-"

protein 11 F* ?* 2 .5x10-' 35 7.9x10 ’

protein 12 F ?• 7.5x10-" 30 3 x  10-"

protein 13 F 26 2.5x10 ’ 26 7 X  10"*

protein 14 G* A 2.5 X  10 ■’ 23.5 7x10"*

protein 15 G 21 4.25x10-" 21 1 x lO -'

protein 16 H 19 2.5 X  10 -’ 19 2.57x10 ’

protein 17 LMW protein 17.5 2.15x10-' 17.5 1 .5x10"

protein 18 LMW protein 16.5 1.05x10-" 16.5 9 x  10 ’

protein 19 I 14.5 6.4 X  10-' 14.5 2.1 x l O"

?* loss or greatly reduced production of protein
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Figure 7.4 Gel 3: SDS PAGE of outer membrane proteins of Ag-r cells and Ag-r cells 
reverted back to Ag-sensitive cells 
Lane 1 : omp of Ag-r cells
Lane 2: omp of Ag-r cells reverted to Ag-sensitive cells.
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7.3.1.4 Summarised Tables of omps isolated from Gels 1,2 and 3.
Table 7.5 High molecular weight proteins in the outer membrane of 
Ag-r and Parent Ps231 cells.

protein
t>pe

MW
(kDa)

Gel 1 MW
(kDa)

Gel 2 MW
(kDa)

Gel 3

Ag-r 
ceils at 
10
pg/ml
Ag

Ps231 
(no Ag)

Ag-r cells 
at 
10
i/g /ml
Ag

Ag-r 
cells at 
50
A'g/ml
Ag

Ag-r 
cells at 
100 
Mg /ml 
Ag

Ag-r 
cells at 
1000 
Mg /ml
Ag

Ps231 
(no Ag)

Ag-r 
cells at 
10
pg/ml
Ag

Ps231
(no

Ag)

protein 1 103.5 103.5 A 105 A A A A A 101 101 A

protein 2 95 95 A 80 80 A A A A 80 80 A

protein 3 85 85 A 74 74 A A A A 74 74 ?»

protein 4 82 82 A 68 68 A A A A 65 65 65

protein 5 77 77 A 62 62 A A A A 59 59 59

protein 6 73 73 A 60 A A A A A 57 A 57

protein 7 65 65 A 57 57 57 57 A A 54 A 54

Table 7.6 Major outer membrane proteins in the outer membrane of

protein
type

MW
(kDa)

Gel 1 MW
(kDa)

Gel 2 MW
(kDa)

Gel 3

Ag-r 
cells at 
lOpg/ml
Ag

Ps231 
(no Ag)

Ag-r 
cells at 
10/.ig/ml 
Ag

Ag-r cells 
at
50/^g/ml
Ag

Ag-r cells 
at
lOO/Lig/ml
Ag

Ag-r cells 
at 1000 
Mg /ml
Ag

Ps231 
(no Ag)

Ag-r 
at 10 
pg/ml
Ag

Ps231
(no
Ag)

D1 58 58 ?*58 49 49 49 49 A 49 52 52 52

D2 56; 54 56; 54 ? 46 46 46 46 A 46 43 43 43

E 49.5;
46

49.5; 46 A 43 43 43 43 A 43 41 41 41

F* 40 40 40 39 39 39 39 A 39 35 ?» 35

F 36;34;3
2;

36;34;3
2

36;34;3
2

33 39 39 A A 33 30 ? 30

F 29 A 29 30 30 30 30 30 30 26 26 26

G* 25 25 A A A A A A A 23.5 A 23.5

G 22.5 22.55 22.5 22 22 A 22 A A 21 21 21

HI 19 19 19 18 18 18 18 18 18 19 19 19

H2 19.95 19.95 19.95 14.5 14.5 14.5 A A 14.5 — — -

I 14.5 14.5 14.5 12 12 12 12 A 12 14.5 14.5 14.5

?*refers to absence or greatly reduced concentration o f protein
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7.4 Discussion

In Gel 1 there was a loss or inhibition of production of proteins D1, D2 and E in

the outer membrane of the parent strain Ps231 of Pseudomonas aeruginosa.

However, Proteins D1 and D2 with an apparent molecular weight of 58kDa and

56kDa were detected in the whole cell envelope protein profile of the parent

cells Ps231. In the Ag-r cells cultured at lOpg/ml silver proteins D1 and D2

were also detected and a high concentration of silver was found to be associated

with these outer membrane proteins (Tables 7.1, 7.2 and 7.3). Ag-r cells cultured

at 1000 pg/ml silver did not produce any outer membrane proteins except for

D l, D2 and E in the whole cell envelope and produced only proteins F and HI

in the outer membrane of the Ag-r cells. There was a definite reduction in the

production of these proteins indicating the possible limited passage of silver via

these proteins across the outer membrane in the Ag-r cells. Proteins Dl and D2

were produced in a greatly increased concentration by the Ag-r cells up to 1000

pg/ml silver by the whole cell envelope but these proteins were not produced in

the outer membrane of these cells. Indeed, the concentration of silver associated

with proteins Dl and D2 was greatly increased at all levels of silver except at

1000 pg/ml silver. The loss of these proteins in the outer membrane of Ag-r

cells cultured at 1000 pg/ml silver may be an indication that these glucose
OL

diffusion channels may be closed at^high external concentration of silver. The 

greatly reduced concentration of these proteins in the parent cells may represent 

the production of these ‘porin’ proteins to allow passage of glucose necessary
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for the cells to survive. Porins form large (0.6-2.3 nm diameters) 

transmembrane water filled channels that allow the influx of small, hydrophilic 

nutrient molecules and the efflux of waste products but exclude many antibiotics 

and the inhibitors that are large and more lipophilic.

Loss of outer membrane proteins in bacteria resistant to antibiotics has been 

detected previously, for example, in polymyxin resistant strains of Pseudomonas 

aeruginosa, loss of proteins of apparent molecular weights 36.5kDa, 24kDa and 

47kDa has been shown to occur in the outer membrane of these bacteria, thereby 

preventing permeation of the antibiotic to the apparent target sites on the 

cytoplasmic membrane by an exclusion mechanism (Gilleland and Lyle 1979). 

The outer membrane protein porin D2 is a specific 420 amino acid porin which 

facilitates uptake of basic amino acids, gluconate and carbapenems (p-lactam 

antibiotics) across the outer membrane (Huang and Hancock 1996) and has 2 

polypeptide chains of 27kDa and 19kDa. Protein Dl was found to be greatly 

increased in the outer membrane in Pseudomonas aeruginosa cells cultured in a 

medium with glucose as the carbon source (Mizuno and Kageyama 1978). 

Protein Dl has also been shown to be induced under growth conditions which 

result in induction of the high affinity glucose uptake system and a periplasmic 

binding protein, apparent molecular weight 44kDa in Pseudomonas aeruginosa 

(Stinson et alA911). Both Protein D l and periplasmic binding protein are 

believed to be co-regulated components of the high affinity glucose transport 

system (Hancock and Carey 1979 and 1980) and is thought to be similar to the
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Lam B protein (a glucose inducible protein, MW 50kDa) of Escherichia coli due 

to the involvement of both in periplasmic binding protein- mediated 

carbohydrate uptake systems and due to their similar mode of induction. Protein 

Dl is not a glucose binding protein but a pore forming protein for glucose and 

sucrose uptake allowing these sugars to pass freely through its pores. Protein D2 

is a multifunctional protein. Recent studies have shown that protein 02 is absent 

from Pseudomonas aeruginosa strains resistant to carbapenems or 

fluoroquinolone. These antibiotics have been shown to cause the closure of 

protein 02 channel at low concentrations (Ishii and Nakae 1996). Protein 02  is 

also believed to be involved in the protease activity and has been shown to 

hydrolyse several synthetic polypeptides (Yoshihara and Nakae 1996). In my 

study silver has been shown to greatly affect the production of this protein in 

the Ag-r cells. This observation is highly suggestive of the involvement of the 

high affinity glucose uptake system in transport o f silver ions across the outer 

membrane in the Ag-r cells. Accumulation of silver by control cells of Ps. 

stutzeri in presence o f glucose has been found to be slightly increased when 

compared to the amount taken up by these bacteria grown in^resence of copper 

nitrate (Ghandour et al. 1988) leading to suggestions that glucose may affect the 

energetic status of the cell membrane and/or the expression of an inducible 

resistance mechanism. Overexpression of proteins O (molecular weight 46kOa), 

protein H (molecular weight 21kOa) and protein F (molecular weight 42kOa) 

has also shown to be increased in Pseudomonas aeruginosa strains cultured in
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high concentrations of the antibiotics Aztreonam and Netilimicin suggesting that 

these proteins may act as passage channels for some antibiotics (Cipriani et 

a i\9 9 \).

The overall concentration of silver associated with the major outer membrane 

proteins D l, D2, F*, H2 and 1 was relatively high. Although protein F* and F were 

found to be present in the omp of both Ag-r and Ps231 cells, these proteins may 

possibly have been expressed in high amounts in the outer membrane of the Ag-r 

cells due to their heavy stained protein bands. A high concentration of silver was also 

found to be associated with protein F. Ag-r mutant cells of Escherichia coli have been 

found to be deficient in major omp porins either Omp F and Omp F plus Omp C (Li et 

al.\991). In my study in Gel 2 (Figure 7.3), a distinct pattern of gradual decrease with 

an increase in the silver concentration of the production of protein F* with the 

complete loss of this protein in Ag-r cells cultured at 1000 pg/ml silver suggests that 

Protein F* may also be involved in the uptake of silver at lower concentrations 

resulting in closure of this channel at toxic concentrations of silver. The 

concentration of silver found to be associated with the outer membrane proteins 

increased with the external increase of silver in the growth medium, although a 

relatively lower concentration of silver was found to be associated with the outer 

membrane proteins of silver resistant cells cultured at 1000pg/ml silver.

Protein F which is involved in the low affinity glucose uptake system was greatly 

reduced in concentration to prevent silver uptake by the Ag-r cells at high 

concentration of silver. It has been hypothesised by Hancock and Carey (1980) that
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the outer membrane porin protein F may be involved in the uptake of glucose across 

the outer membrane via a low affinity glucose transport system in Pseudomonas 

aeruginosa.

The outer membrane protein F (OprF) of Pseudomonas aeruginosa is composed 

of 326 amino acids proposed to be an oligomer possibly a trimer and is thought 

to allow slow and non-specific diffusion of small solutes (Sugawara et al. 1996). 

Electron microscopy and image reconstruction studies have shown the trimer to 

contain three separate openings at the surface which coalesce into a single 

channel near the centre of the membrane. The pore size of the porin is similar to 

most of the nutrient molecules thus the rates of diffusion of the solutes are 

affected by the gross physical properties of the solutes (Nikaido and Vaara 

1985). For example, the exclusion limit of saccharides for the outer membrane 

porin F is around 6000 Daltons and sucrose with a molecular weight of 342 

Daltons is rendered within this limit. (Hancock et a i 1979). Most porins 

demonstrate little chemical as opposed to ion or charge selectivity for different 

substrates (Benz et <3 /. 1981, Nikaido 1992 and 1993). Also the interior of the 

porin channel contains charged amino acids lining part of the channel (Hancock 

et at. 1979, Hancock 1987 and 1997) and it is the number and the position of 

these charges relative to the most constricted portion of the channel which 

appear to be the strongest determinants of the ion selectivity of the channel.

Porin channels can be cation or anion selective ranging from 3-fold anion 

selective to 40-fold cation selective (Benz et al. 1985).
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Porin F tends to be cation selective and favours the passage of zwitterionic 

(positively charged amino salts) over the anionic of the p-lactams. This porin 

also has weak selectivity for small ions like K^and Cl (ionic radii 0.133 nm and 

0.181 nm). As the ionic radius for Ag is 0.126 nm and with its atomic weight of 

107.8, it tends to fall within the more favourable selective group. Thus the 

greatly increased production of protein F* in the Ag-r cells may be attributed to 

the presence of high concentration of extracellular silver which in turn may be 

transported across the cytoplasmic membrane via the favourably selective 

passage of the silver ions through the protein F* low affinity glucose transport 

system. The low affinity glucose transport system which is believed to involve 

uptake across the outer membrane via the porin protein F has been found to be 

induced by glucose, gluconate and glycerol as carbon sources, but repressed by 

succinate and citrate (Hancock and Carey 1980).

Several bands of protein F were found to separate on the 12.5% SDS-PAGE gel 

system used in my study. Heat modification of some major outer membrane 

proteins is not uncommon as the apparent number and mobility of the major 

outer membrane proteins are influenced by the concentration of the aery 1 amide 

monomer, the temperature and the duration of the solubilising in SDS ( Mizuno 

and Kageyama 1978), the concentration of 2-mercaptoethanol during 

solubilising, and the types of pretreatment prior to solubilising (Hancock and 

Carey 1979). Hancock has also observed conditions under which protein F has 

been shown to appear as 4 separate bands and a total of 6 distinct SDS-protein F
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complexes have also appeared according to their solubilising conditions. 

Therefore the presence of 4 protein F bands in the parent cells, (with protein F* 

apparent molecular weight 40 kDa) suggests that in the parent cells, in the 

absence of silver, the protein F may be facilitating the low affinity glucose 

uptake system in my study. This may be possible because the cells are not under 

stressful growth conditions and therefore may not have a need for a greatly 

increased production of the protein F*. Further investigations including the 

passage of silver ions across reconstituted porin channels need to be carried out 

to fully support this proposal however. In Gel 1 (Figure 7.2) Proteins HI and H2 

were both produced by the Ag-r and the parent cells indicating silver to have 

little effect on production of these two proteins. However a high concentration 

of silver was associated with proteins HI, H2 and I in the outer membrane of the 

Ag-r cells indicating a strong possibility of binding of silver by these proteins.

In Gel 2 (Figure 7.3) the production of protein HI by the Ag-r cells gradually 

decreased with an increase in the external concentration of silver compared to 

the Ps231 cells. The production of protein HI has been found to be greatly 

increased in Mg deficient medium in Pseudomonas aeruginosa cells in which 

there is an increase in resistance to polymyxin and gentamicin (Nicas and 

Hancock 1980). Protein HI acts by replacing the Mg^^ at a site on the LPS which 

would otherwise be attacked by cationic antibiotics. Recent research has shown 

that genes associated with multiple antibiotic resistance in cloned mutants of 

Pseudomonas aeruginosa ( a mutant with elevated drug extrusion) resulted in
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the cloned mutants accumulating less ofloxacin than the strain without the 

clone. Cloned mutants were found to extrude antibiotics by over expressing the 

production of 41 kDa and 1 lOkDa proteins in the inner membrane and 50kDa 

protein in the outer membrane of the cloned bacteria (Morshed et a l 1995).

In my study Protein G* was only produced by the Ag-r cells and was not 

modified into doublet bands for the Ag-r cells as it was for the Ps231 cells. It 

may be possible that silver binding onto protein G* prevents it from being 

modified.

The outer membrane proteins appear to be associated with high concentrations 

of bound silver in the Ag-r cells of Pseudomonas aeruginosa. Although Protein 

I, a lipoprotein was produced by both the Ag-r and the parent cells, it was 

produced in an increased amount by the Ag-r cells. The whole cell envelope 

protein profile of the parent cells showed 26 protein bands to be separated on 

the gel, except for a definite loss of proteins 1,2, 3, 5 and protein E. Proteins 1,

2 ,3 and 5 are high molecular weight proteins with apparent molecular weights 

of 103.5, 95, 85 and 77kDa respectively. All of these proteins were produced by 

the Ag-r cells and proteins 2 and 3 were found to be associated with relatively 

high concentrations of silver. Also the Ag-r cells produced a large amount of 

proteins 16, 21 and 22 with apparent molecular weights o f 25kDa, 18.95kDa and 

16kDa respectively. These proteins were not produced by the parent cells. These 

proteins were low molecular weight proteins with high levels of silver 

associated with them, suggesting possible binding of silver by these proteins.
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Also proteins 24, 25 and 26 were produced by Ag-r cells which were not clearly

defined in the protein profile of the parent cells. These proteins too had high

amounts of silver associated with them suggesting possible silver binding. In

Gel 2, (Figure 7.3), a low molecular weight protein of 12kDa was found to be

produced which bound silver in increasing concentration by Ag-r cells up to a

concentration of lOOpg/ml silver. This protein was not produced by Ag-r cells at

1000pg/ml silver. The loss of this LMW protein may be due to the closure of

many major outer membrane porin channels in Ag-r cells at lOOOpg/ml silver

thus reducing the need of expression of this protein in these cells. The reverted

strain of Pseudomonas aeruginosa which produced all the high molecular

weight proteins in its original Ag-r form at 1 Opg/ml silver regressed to possibly

inhibiting the production of these proteins and developing a similar outer

membrane protein composition to that of the parent cells. For example Protein

Dl which was produced in a greatly decreased concentration by the Ag-r cells

was already found to be present in greatly reduced quantities in the parent cells
tkù

and as the cells were subcultured in^absence of silver, the reduction of 

production of this outer membrane protein was a sign of the cells reverting back 

to their natural state as that o f the Ps231.

It is apparent that the Ag-r cells produced extra or increased amounts of proteins 

which bound excess silver. A clear change in the production, inhibition and 

reduction of proteins produced by the Ag-r cells as shown by the changes in the 

protein production in the outer membrane of Ag-r cells allows Pseudomonas
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aeruginosa to adapt and survive in the presence of high concentration of 

external silver. Protein E the production of which was not consistent in the Gel 

1 (Figure 7.2) or Gel 2 (Figure 7.3), by the parent cells was produced in a greatly 

decreased concentration by the reverted strain. The rest of the proteins were all 

produced by the reverted strain including a slightly increased concentration of 

protein H2 by comparison to the Ag-r cells. There was an increase in the 

production of proteins Dl, D2, F*and an inhibition of protein F production in 

the Ag-r cells. The reverted strain of Pseudomonas aeruginosa which produced 

all the heavier molecular weight proteins in its original Ag-r form at lOpg/ml 

silver as shown in the protein separation in Gel 3, (Figure 7.4), regressed to 

inhibiting the production of these proteins and developing a similar outer 

membrane protein composition to that of the parent cells. The increased 

concentration of the LMW proteins 17 and 18 and the increased concentration of 

silver found to be associated by these proteins in comparison to the same 

proteins produced by the Ag-reverted strain may be indicative of a possible 

higher expression of lower molecular weight outer membrane proteins, the 

function of which may be solely to ‘bind’ such lethal and toxic ions as silver to 

reduce the toxic levels of the element available to the cells. The high expression 

of proteins D l, D2 and high amount of silver found to be associated with 

protein F may be indicative of facilitated transport of silver across the 

cytoplasmic membrane mediated via a series of these proteins in conjunction 

with active efflux of silver ions thereby resulting in bacterial resistance to high

239



__________________________________________________________ Chapter 7

levels of silver. Clearly the resistance to silver is directed at the level of uptake 

of silver by the major outer membrane proteins of ihQ Pseudomonas aeruginosa.

. The unstable plasmid detected to be present in Chapter 2 may possibly be 

responsible for expression of the proteins involved in ‘binding’ silver at the cell 

wall level in the Ag-resistant cells of Pseudomonas aeruginosa. However, 

further experiments to support this proposal need to be carried out at the level of 

molecular genetics. In the next chapter, gel filtration studies of proteins 

produced in the outer membrane of Ag-r cells were carried out to test for the 

presence of metallothionein type proteins.

7.5 Summary

The production of all outer membrane produced by the Ag-r cells varied 

according to the concentration of silver in which the cells were cultured. All the 

proteins analysed were found to be associated with silver. Some proteins 

appeared to have been produced by the cells in a greater amount than the control 

cells on exposure to silver, making the omp protein profile of the Ag-r cells 

different to that of the control cells. Proteins D l, D2 and F may be responsible 

for facilitated transport of silver across the cytoplasmic membrane in the Ag-r 

cells. Several low molecular weight proteins between 1 IkDa to 12 kDa were 

produced by the Ag-r cells.
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Chapter 8

Silver Binding to the Outer Membrane Proteins

8.1 Introduction

Accumulation of silver by various bacteria has been well documented, although 

no specific mechanisms of silver resistance have been reported to date. Modak 

and Fox (1973) have shown "^Ag to bind to RNA and cell wall /membrane 

fraction and DNA. Clarke et al. (1990) identified an RNA binding protein in the 

yeast Saccharomyces cerevisiae. This protein was found to be a specific silver 

binding RNA protein in this organism. No specific silver binding proteins have 

been isolated from Pseudomonas aeruginosa to date.

In Chapter 7 silver was found to be associated with the outer membrane 

proteins extracted from the silver resistant cells of Pseudomonas aeruginosa. In 

this Chapter further attempts were made to extract purified samples of the outer 

membrane proteins and analyse these samples for presence of silver by using 

gel filtration techniques. Proton 'H NMR techniques were also employed to 

analyse for the amino acid content of the extracted proteins and to investigate 

binding of silver to these amino acids.
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8.2 Theories of Analytical Methods

8.2.1 Theory of Gel Filtration

The theory and application of gel filtration is documented in the “Gel filtration. 

Theory and Practice,” Pharmacia Fine Chemicals handbook, however it is 

briefly described here.

Separation in gel filtration depends on different abilities of sample molecules to 

enter the chromatographic bed with the protein molecules being eluted in the 

order of decreasing molecular size. The molecular weights of the proteins can be 

calculated using proteins of known molecular weights by plotting a calibration 

curve.

8.2.2 Theory of ion exchange chromatography

The theory of ion exchange is explained in detail in the handbook of Ton 

Exchange Chromatography’ by Pharmacia. An ion exchanger consists of an 

insoluble matrix to which charged groups have been covalently bound. The 

charged groups are associated with mobile counter-ions which can be reversibly 

exchanged with other ions of the same charge without altering the matrix.

The ion exchanger is equilibrated with the starting buffer followed by sample 

application and adsorption. Unbound substances are washed out from the 

exchanger bed using a column volume of the starting buffer. A gradient is 

applied and the proteins are eluted from the column, separated from each other 

due to their difference in affinities for the ion exchanger (Fig. 8.1).
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8.2.3 Theory of Isoelectric focusing (lEF) of proteins

Isoelectric focusing (lEF) is an electrophoretic method for the separation of 

proteins according to their isoelectric points (pi), in a stabilised gradient. The 

method involves casting a layer of polyacrylamide gel containing a mixture of 

carrier ampholytes (low molecular- weight synthetic polyamino-polycarboxylic 

acids). When an electric field is applied to such a gel, the carrier ampholytes 

arrange themselves in order of increasing pi Ifom the anode to the cathode. Each 

carrier ampholyte maintains a local pH corresponding to its pi and thus a 

uniform pH gradient is created across the gel. If a protein sample is applied to 

the surface of the gel it will also migrate under the influence of the electric field 

until it reaches the region of the gradient where the pH corresponds to its 

isoelectric point. At this pH the protein will have no net charge and will 

therefore become stationary or focused at this point. Proteins are separated 

according to their charge and not their size as with SDS electrophoresis.

8.2.4.1 The Theory and Application of Proton H NMR Spectroscopy 

The information here is quoted from ‘Spectroscopic Methods In Organic 

Chemistry’ (Williams and Fleming 1997) which should be referred to for a 

detailed explanation of theory.

Some atomic nuclei have a nuclear spin (I) and the presence of these spins 

makes these nuclei behave rather like bar magnets. In the presence of an 

applied magnetic field the nuclear magnets can orient themselves in ‘21 + f  

ways, in which the nuclei with an odd number of nucleons of which the most
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Figure 8.1 The net charge of a protein as a function of pH 
The pH ranges in which the protein is bound to anion or 
cation exchangers and an arbitrary range of stability are shown.
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important are 'H and '^C have a spin of I = ± (2n + 1) / 2. For 'H and I =

Vz. Therefore these nuclei can only take up one of only two orientations , a low 

energy orientation aligned with the applied field and a high energy orientation 

opposed to the applied field. The difference in energy is given by

A E ^ h y B Q / 2 7 t  ( 1 )

where y is the magnetogyric ratio (a proportionality constant, differing for 

each nucleus, which essentially measures the strength of the nuclear magnets) 

and Bo is the strength of the applied field (equation 1 ). The number of nuclei in 

the low energy state (N^) and the number in the high energy state (Np) will 

differ by an amount determined by the Boltzmann distribution:

(2)

When a radio frequency is applied to the system, this distribution is changed if 

the radio frequency matches the frequency at which the nuclear magnets 

naturally precess in the magnetic field Bq : some of the nuclei are promoted 

from the low energy state to the high energy state, and Np increases.

The frequency in Hz (v), the resonance frequency, is given by:

v = y % /2 n  (3)

and is therefore dependant upon both the applied field strength and the nature of 

the nucleus in question.

The radio frequency signal is applied as a single powerful pulse which 

effectively covers the whole frequency range and lasts for a time typically 

of a few microseconds. This pulse generates an oscillating magnetic field {B^ 

along the x axis, at right angles to the applied magnetic field ( B q)  which is
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defined as being along the z axis. Because of the small differences between N ̂  

and Np, the sample being investigated has a net magnetization (M), which , 

because N „ is larger than Np , is initially aligned in the direction of the applied 

field. The effect of the pulse is to tip the magnetization through an angle given 

by;

Bjtp (4)

Commonly the time (tp) is chosen so that the 0  is 90®, and such pulses 

are called n/2 pulses. The magnetization, disturbed from its orientation along 

the z axis, precesses in the xy plane just as the gyroscope precesses when it is 

tipped out of the axis of the gravitational field. After the pulse is over, a receiver 

coil picks up the resultant oscillation during the acquisition period, typically of a 

few seconds. This signal is called the free induction decay (FID) and is a 

complicated wave pattern decaying away to zero during the acquisition period. 

The decay takes place because the individual nuclei relax, through interaction 

with the local fluctuating magnetic fields, back to their equilibrium states. 

Fourier transformation of the FID which is said to be in the time domain, 

converts it into a spectrum, which is said to be in the frequency domain.

FT-NMR has the advantage that all nuclei of a given type can excite 

simultaneously and that large number of pulses can be applied, each followed by 

an acquisition period. The difference between N^ and Np is very small; for 

protons in a 200 MHz instrument it is only of the order of 1 in 10 \  therefore 

rendering the technique very insensitive. To overcome this problem, a more 

sensitive high field instrument (200-600 Mhz) is used. The reason that higher
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fields are more sensitive is due to the equations ( 1 ) and (2 ).

The most commonly encountered nuclei with 1= ± '/a are 'H, '^C, ^̂ Si 

and ‘̂P. The common nuclei with I = Û, and are completely inactive. A 

few other common nuclei have spins, of which  ̂H and N (I = 1) perhaps the 

most important. When present in organic molecules they affect the 'H and '^C 

NMR spectra.

S.2.4.2 Analysis of NMR spectra

The analysis of an NMR spectrum is dependant upon:

(a) the chemical shift of the resonances characteristic of the chemical group 

which forms a part of the chemical; the chemical shift is the shift from some 

standard frequency of the spread of frequencies caused by different chemicals 

and hence different magnetic environments.

The internal standard used is tetramethy 1 si lane (TMS) or TSF (sodium 3- 

trimethylsilylproprionate) because these standards are inert, volatile, non-toxic 

and cheap. In practice it is inconvenient to characterise the peaks by assigning 

them to a particular frequency and therefore the difference of the frequency (v j 

of the peak from the internal standard is measured and divided by the operating 

frequency in MHz to obtain a field-independent number in a convenient range. 

The chemical shift is then defined by:

Ô = Vs (Hz) -  VjMs (Hz)Zoperating frequency (MHz) (5)

The parameter ô, which measures the position of the signal, will now be the 

same whatever machine it is measured on. It has no units and is expressed as 

fractions of the applied field in parts per million (p.p.m.).The common range of
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ô values are always written from right to left that denotes frequencies as higher 

and positive on the left and lower and positive on the right. The high frequency 

end of the spectrum, on the left with high ô values is described as downfield, 

and the right side with low ô values is said to be upfleld. For example, 

hydrogen is more electropositive than carbon, with the result that every 

replacement of hydrogen by an alkyl group causes a downfield shift in the 

resonance of that carbon and any remaining hydrogens on it. Thus methyl, 

methylene, methane and quartemary carbons and their attached hydrogens come 

into resonance at successively lower field. (Refer to Figure 8.2 for a 

diagrammatical summary of the chemical shift o f various methyl groups).

(b) the intensity of the NMR signals, for example, examining the area of the 

resonance given by the integration of the spectrum, which is proportional to the 

number of the nuclei giving rise to it; In proton NMR spectra whenever a proton 

couples equally to one, two or three protons, doublets, triplets or quartets are 

obtained. The rule here is that for nuclei of I = V2 , a nucleus equally coupled to 

n others will give rise to a signal with (n+ 1  ) lines, and the intensities are given 

by the coefficients of the terms in the expansion of (x+ 1  )".

Thus for C, CH, CH2 , CH3 , CH4  the following signals are given;

C CH CH2  CH3  CH4

il 111

(Williams and Fleming 1997)

(c) analysing the multiplicity of the lines and the relative intensities of their
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Figure 8.2 Summary of Chemical Shift of Various Methyl Groups
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components which may be analysed in term of their neighbouring nuclei;

(d) determining the magnitude of the splitting between lines given by the 

coupling constant J (Hz), which is used to determine which multiplets are 

coupled. Assignment of resonances may be aided by the spin-decoupling 

technique. If the irradiated nucleus (A) is spin coupled (J) to another nucleus 

(B), then the multiplet structure of B caused by coupling to A will collapse and a 

single line will be observed. The details of the 'H-'H coupling constants are 

fully explained. (Williams and Fleming 1997).

8.3 Materials and methods

8.3.1. Extraction of Omp (outer membrane proteins) from Ag-r and Ps231 

cells of Pseudomonas aeruginosa

Ag-r and Ps231 cells of Pseudomonas aeruginosa were cultured in presence of

10, 100 and 1000/,6g/ml of silver and harvested after 7, 17 and 48 hours of
6 . 2 . 3 ) .

growth as described in Chapter 6 ^The crude outer membrane pellet was 

dissolved in 50mM ammonium bicarbonate buffer (pH 8.0) and centrifuged 

down at 50,000 x g for 25 minutes to obtain the pure outer membrane protein 

pellet. The pure outer membrane protein sample was resuspended and 

solubilised in 1 to 2 ml of 50mM ammoniun bicarbonate buffer (pH 8.0) and 

the concentrate of the protein sample was carefully loaded onto a 1.5cm x 35cm 

size Sephadex G75 column. (No further dilution o f the protein sample was 

carried out as the quantity of the protein obtained was very small). The 

absorbance of the eluted proteins was measured at 254nm. All the experiments 

in this chapter were carried out once only due to the numerous protein samples
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analysed and longevity of gel filtration studies.

8.3.2 Preparation of the Sephadex G75 and G50 column.

A gel slurry o f Sephadex G75 was made up in distilled water and left in a water 

bath at 90^C for one hour to allow the gel to swell and de-gas. The gel was 

packed into a column sized 1.5cmx 35cm and 50mM ammonium bicarbonate 

buffer was run through the gel. The flow rate of the gel was calculated using the 

pump speed. The void volume Vo, o f the gel was calculated using Blue Dextran. 

Molecular weight markers used to calibrate the gel using the calibration curve in 

Figure 8.3 were carbonic anhydrase (31000), ovalbumin (46000), Serum 

albumin (66000), ribonuclease (RNase) (13700) and myoglobin (17500). The 

G50 column (fractionation range 1500-30000) was prepared in the same way 

and the molecular weight markers to calibrate the molecular weight from Figure 

8.4 of the eluted proteins used were insulin (6700), ribonuclease (13700), 

myoglobin (17800) and chymotrypsinogen (25000).

8.3.3 Protein and silver assay

The fractions of protein eluted were assayed for protein content using the 

method of Markwell et a l (1978) as described in Chapter 6 . The silver content 

o f the fractions was estimated using Atomic Absorption Spectrometry as 

described in Chapter 6 .

8.3.4 Preparation of gel for lEF of proteins

A thin layer gel was cast using a gel solution of the following composition: 9ml 

of 5% acrylamide solution, 0.4ml ampholyte solution and 60pi riboflavin 

solution. The gel was left to polymerise » overnight in a cold room. The gel
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Figure 8.3 Calibration of G-75 Column
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Figure 8.4 Calibration of G-50 Column
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was laid on a cooling plate of the electrophoresis tank through which cooling 

water at 4°C was passed. Electrode wicks made of strips of Whatman No. 17 

filter paper 0 . 6  cm wide were laid down each end of the longer side of the gel. 

The strips were saturated in IM phosphoric acid (anode) and IM sodium 

hydroxide (cathode). Square filter papers, 0.5 x 0.5 cm were prewetted with 

lOpl of protein sample and applied to the gel. A small perspex plate along 

which platinum wires are stretched was placedLacross the wicks. A voltage of 

500V and a current of 4-6mA was applied across the plate. The current was 

increased to lOOOV after 10 minutes and 1500 after another 2.5 hours. After the 

total electrophoresis time of 3.5 hours, the plate was removed and fixed in 10% 

v/v gluteraldehyde solution. The gel was then washed in a de-staining solution 

for 5 minutes and stained in comassie blue for 10 minutes. The pi of the samples 

were estimated and recorded.

8.3.5 Identification of proteins eluted by Sephadex G75 and G50 columns.

Table 7.1 in Chapter 7 was used to identify the eluted proteins and to name 

these proteins. All unidentified ‘extra’ proteins were labelled according to the 

fraction in which they were eluted from Sephadex G75 column. The proteins 

eluted from the Sephadex G50 column were labelled as Low molecular weight 

proteins (LMW) in the numerical order of elution from the column.

8.3.6 Ion exchange chromatography and rechromatography of proteins.

The proteins eluted in the fractions 42 to 48 using Sephadex G50 column were 

further purified by ion exchange chromatography on DEAE Sepharose CL6 B. 

The method used by Higham et a l (1984) to purify cadmium binding protein
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was modified to attempt to extraet the low molecular weight proteins identified 

in this study. The starting buffer used to equilibrate the column was ammonium 

bicarbonate (50 mM, pH 8.0) and the proteins were eluted with NaCl gradient 

of 0-400mM. The test tube method for selecting the pH and ionic strength of 

the starting buffer was used following the guidelines from the Ion Exchange 

Chromatography handbook by Pharmacia. The pH was varied from 5 to 10 and 

the ionic strength from 10 to 600mM. The absorption was followed by a 

decrease in the absorption at 254nm. Two gradient runs were used to elute the 

proteins, a shallow gradient of0-200mM NaCl followed by a steeper gradient of 

200-600mM NaCl to elute further strongly bound proteins. A 25ml column (1.6x 

1 2 cm) was used with a flow rate of 2 0 0 ml / hr.

8.3.7 Isoelectric focusing (lEF) of proteins

Isoelectric focusing of the LMW proteins 1 ,2,5, 11 and 14 was carried out. A

pooled sample of low molecular weight protein from all the Ag-r cells was also

subjected to lEF with a range of proteins separating out on the gel.

8.3.8.1 Proton ‘H NMR of rechromatographed LMW Omps.

A freeze dried, pooled sample consisting of LMW proteins 1,2,5,11 and 14 and 

a purified sample of LMW protein 1 with a molecular weight of 7400 were both 

analysed for their amino acid content with possible sites for silver binding. Only 

these two samples were extracted in enough quantities needed for the Proton 'H 

NMR studies. The two samples were labelled ‘pooled LMW proteins’ and 

‘LMW Ag-binding protein 1 ’ and dissolved in 9:1 parts of H2 O: D 2 O. The 

samples were dissolved in H 2 O as the labile protons NH from the side chain and
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the protein backbone are only able to be observed in H 2 O. The spectra were 

recorded on the Broker WH 600 spectrometer at 343K at 600.13 MHz at Queen 

Mary and Westfield College London, with the help of Mr. Peter Haycock. 

Sodium 3-trimethylsilylproprionate (TSF) was used as a reference.

S.3.8.2 Assignment of resonances

Resonances on the spectra were assigned to specific protons by reference to 

literature of the chemical shifts for the common amino acids residues in random 

coil polypeptides (Wiithrich 1986). The data in Figures 8.5 and 8 . 6  and the 

simulated 'H NMR spectra of a mixture o f amino acids in Figure 8.7 were used 

to draw analogies with the sample spectra. The disadvantage of such a 

comparison is that the proteins studied do not give rise to an exactly identical 

spectrum and the three dimensional conformation of the protein structure as 

well as the ring-current shifts of the amino acids due to the proximity of an 

aromatic ring are also not be presented on the spectrum during the 

*H NMR analysis of the samples. The data in Figures 8.5 and 8 . 6  were obtained 

from 'H NMR measurements in aqueous solution of 20 polypeptides H-Gly- 

Gly-Xxx-Ala-OH, where in each peptide Xxx was a different one of the 20 

common amino acid (Bundi and Wiithrich 1979). In a random coil protein with 

few or no aromatic amino acids, shifts of a smaller magnitude with easier 

resonance assignments are obtained; also, as the influence of the terminal chain 

backbone amino and carboxyl groups is to a good approximation limited to the 

spectral properties o f the terminal residues, these model peptides mimic the 

behaviour of nonterminal residues in random coil polypeptides.
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Figure 8.7 Simulated ‘H NMR spectra of amino acids
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Figure 8.7 Cont, Simulated 'H NMR spectra of amino acids
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8.4 Results

The elution profiles of outer membrane proteins produced by Control and Ps231 

cells of Pseudomonas aeruginosa after 7, 17 and 48 hours of growth at 10, 100 

and lOOOpg/ ml silver separated on Sephadex G75 column are shown in Figures 

8 .8 , 8.9 and 8.10.
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Figure 8.8 Elution profile of outer membrane proteins produced by Control and 
Ag-r cells of Ps. aeruginosa after 7 hours of growth at 10, 100 and 
lOOOpg/ml Ag separated on Sephadex G75 column
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Figure 8.9 Elution profile of outer membrane proteins produced by Control and Ag-r
cells of Ps.aeruginosa after 17 hours of growth at 10, 100 and 10OOpg/ml Ag 
separated on Sephadex G75 column
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Figure 8.10 Elution profile of outer membrane proteins produced by Control 
and Ag-r cells of Ps.aeruginosa after 48 hours of growth at 10, 
100 and 10OOpg/ml Ag separated on Sephadex G75 column
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8.4.1.1 Elution of outer membrane proteins in control Ps231 cells of 

Pseudomonas aeruginosa on Sephadex G 75 column.

Table 8 .1 Elution of outer membrane proteins in control Ps231 cells of 

Pseudomonas aeruginosa on Sephadex G 75 column

Growth at 7 hrs

Fraction(s) protein nomenclature apparent MW (kDa) [Proteinuwlug */• protein 
(of total protein 

eluted)

21-25 HMWPts, D1.D2 48-65 32.2 33.3

26-27 R E 38-43 9.4 9.7

28-30 F* 28-34 6 6.2

31-.33 LMW Pt 10and ll .G , H 20- 25 10.1 10.5

34-35 LMWPt 14, H2 16- 18 8 8.3

36-38 LMW Pt 16-19 11.7- 14.6 11 11.4

39-41 LMWPts 9- 10.5 12.5 12.9

4248 LMW Pts <9 7.3 7.6

Growth at 17 hrs

21-23 HMWPts, >65 20.9 16.7

24-25 HMWPts, D1,D2 48-65 22 17.5

26-30 F,F* 28-38 34 8 27.7

31-33 LMWPt 10and 11,G, H 20-25 8.5 6.8

34-35 LM W Ptl4, H2 16- 18 6.5 5.2

3640 LMWPt 16-19, LMW Pts 11.7- 14.6 14.9 11.9

4143 LMWPts 9-10.5 8.5 6.8

4448 LMW Pts <9 9.5 7.6

Growth a t 48 hrs

21-26 HMW Pts, Dl, D2, E 43- >65 19 32.7

27-31 F*,F,
Pts 9 and 10

25-38 11 18.9

32-35 Pts 11, 14, G, H 16- 22.6 5 8.6

3640 H, LMW Pts 16-19, 9- 14.6 11 18.9

4148 LMWPts <9 12 20.7

From Table 8 .1 and the elution profiles of proteins eluted in Figures 8 .8 , 8.9 and 

8 .10 at 7,17 and 48 hours respectively, it was observed that a mixture of HMW 

proteins, D1 and D2 were eluted from the outer membrane protein extract from 

cells cultured for 7 hours. These proteins separated into several peaks consisting
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of many major outer membranes proteins, LMW proteins and some unidentified 

outer membrane proteins over 17 hours of growth. The elution of these proteins 

increased during the exponential phase, however, the Protein H and LMW 

protein 14 were not eluted in large amounts throughout the growth cycle. It was 

also observed that the LMW proteins were eluted in decreased amounts during 

the exponential phase but decreased greatly during the decline phase of growth. 

Proteins 9, 10,14, 15 and proteins 16-19 and the lower molecular weight 

proteins were also identified.

8.4.1.2 Elution of outer membrane proteins in Ag-r cells at lOyug/ml Ag on 

Sephadex G 75 column
Table 8.2 Elution of outer membrane proteins in Ag-r cells at lOyug/ml Ag on 

Sephadex G 75 column

Growth at 7 hrs

Fractions protein
nomen
clature

apparent 
MW (kDa)

|Protein,*d|ug % protein 
(of total 
protein 
eluted)

lAgtouJIng % Ag 
(of total
Ag

eluted)

lAgJ
ugAg/ug
Pt

21-24 HMWPts 53-65 61 18.8 50 17.8 8.2x10^

25-29 Dl, D2, E, 
F * F

31-48 81.6 25.2 95 33.9 1.2x10-*

30-32 Pts 9, 10, G 
and H

22-28 54 16.7 14 4.9 2.6x10"*

33-35 Pts 11, 14 H 16-20 41.3 12.8 14 4.9 3.4x10"*

36-40 LMWPts 
16-19, H2

9- 14.6 74.47 23.04 88 31.4 1.2x10-’

4M 3 LMW Pts <9 6.03 1.87 19 6.8 3x10"*

44-48 LMWPts <9 4.88 1.51 0.5 0.18 1 xlO ’

Growth at 17 hrs

21-26 HMWPts, E 43->65 41.8 31.8 18 13.5 4x10"*

27-29 F*,F 31-38 10.12 7.7 5 3.8 4 .9 x 1 0 ’

30-32 Pts 9-11, G 22-28 12.9 9.8 12.5 9.4 9.6x10"*

33-35 Pts 11, 14, H 16- 20 24.1 18.3 32.5 24.4 1.3x10-’

36-39 LMW Pts 
16-19, H

9- 14 23.3 17.7 33 24.8 1 .4 x 1 0 ’

40-47 LMW Pts <9 16.7 12.6 30.5 22.9 1 .8 x 1 0 ’

48 LMWPts <9 2.8 2.1 1.5 1.1 5.4 xlO"*
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Table 8.2 
continued...

Growth at 48 hrs

21-24 HMWPts 53-65 46.8 45.4 32 42.7 6.8x10-’

25-26 HMW Pts, 
D1,D2. E

43- 53 344 32.9 10.5 14 3.1 xlO-*

27-29 F8.F 31-38 18.6 18.1 19 25.3 1 x lO ’

30-48 Pts 9. 10, H, 
!4. 16-19. 
H2, LMW 

Pts

28-<9 3.7 3.6 13.5 18 3 .7 x 1 0 ’

Results from Table 8.2 and the elution profile produced by the Ag-r cells 

cultures at lOyUg/ml silver in Figures 8 .8 , 8.9 and 8 .10 show the production of 

outer membrane proteins in Ag-r cells cultured at 10 yug/ml silver at 7, 17 and 48 

hours of growth respectively. The amount of HMW proteins eluted increased 

during the growth cycle as did the amount of silver that was associated with 

these proteins. The overall amount of proteins eluted were greater in quantity 

compared to the amounts eluted from the outer membrane protein extracted 

from the control Ps231 cells. All major Omp proteins were eluted by the Ag-r 

cells during the exponential phase of growth, although protein F and F* were 

eluted as separate peaks. Most of the silver eluted was associated with the HMW 

proteins and with protein F. A wider range of LMW proteins were eluted during 

the decline phase of growth with molecular weight of less than 9000 kDa. All 

proteins were associated with silver.
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8.4.1.3 Elution of outer membrane proteins in Ag-r cells at 100/^g/ml Ag on 

Sephadex G 75 column

Table 8.3 Elution of outer membrane proteins in Ag-r cells at 100/.^g/ml Ag on

Growth at 7 hrs

Fractions protein
nomen
clature

a g i r e n t

(kDa)

[Protein,*d|ug •/• protein 
(of total 
protein duted)

|AgT«d|ng •/• Ag (of 
total Ag 
eluted)

! ^ g /u g
Pt

21-23 HMWPts 53-65 21.95 12.9 52.5 13.8 2.4x10-'

24-25 D1,D2,
HMWPts

48- 65 18 10.6 54 14.2 3 x 1 0 '

26-27 F*. F 22-43 26 15.2 50 13.1 1.9x10 '

28-31 Pts 9. 10, 
F*

10-22.6 38.8 22.7 60 15.7 1 .5 x 1 0 '

32-34 G ,H ,Pt 
11

9- 14.6 10.9 6.4 21 5.5 1.9x10 '

35-37 LMW
Ptsl6-19

9-13 8.5 4.9 18.5 4.8 2.2x10 '

38^0 LMW Pts <9 9.9 5.8 26 6.8 2.6x10 '

41-44 LMW Pts <9 14.2 8.3 42.5 111 2.9x10 '

45^8 LMWPts <9 22.3 13.1 57 14.9 2.5x10 '

Growth at 17 hrs

21-27 HMW
Pts,Dl,

D2.E.F*.

38->65 119 33.8 165.5 33.9 1.4 X 1 0 '

28-34 Pts 9,10, 
11,G,H

18-35 108 30.6 146.5 29.9 1.4x10 :

35-39 LMWPts 
14,H2. H

10- 16 56.5 16 85.5 17.5 1 .5 x 1 0 '

4 0 ^ LMW Pts 
16-19

<9 43.5 12.3 59 12.1 1.4x10 '

45-18 LMW Pts <9 25.5 7.23 32 6.6 1.3x10-'

Growth at 48 hrs

21-25 HMW,
D1,D2

48-65 83.5 15.4 250 22.5 2 .9 x 1 0 '

26-31 Pts 9, 10, 25-43 110 20.4 261.5 23.6 2.4x10 '

32-39 G,H,H2,
LMWPts

10- 22.6 165.5 30.6 357 32.2 2.2x10 '

40^7 LMW Pts <9 165.5 30.6 221 19.9 1 .3 x 1 0 '

48 LMW Pts <9 16 2.9 20 1.8 1 .3 x 1 0 '

he elution profile of outer membrane proteins of Ag-r cells cultured at 

lOOyt̂ g/ml silver at 7, 17 and 48 hours respectively, is shown in Figures 8 .8 , 8.9 

and 8.10 and in Table 8.3. The overall elution of HMW proteins, D l, D2, and E
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remained unchanged greatly throughout the growth cycle. However, the amount 

of silver associated with these proteins increased greatly. Also the amount of 

silver associated with the LMW proteins 16-19 increased with an increase in the 

quantity of protein eluted. The LMW proteins with molecular weights less than 

9000 daltons decreased slightly as did the amount of silver found to be 

associated with them.

8.4.1.4 Elution of outer membrane proteins in Ag-r cells at 1000//g/ml Ag on 

Sephadex G 75 column

Table 8.4 Elution of outer membrane proteins in Ag-r cells at lOOO^ug/ml Ag on 

Sephadex G 75 column

Growth at 7 hrs

Fractions protein
nomen
clature

apparent 
MW (kDa)

[P ro te in ,^
ug

% protein 
(of total 
protein eluted)

| A g T « ^ ) n g %Ag 
(of total 
Ag eluted)

|Ag|
ugAg/ug
Pt

21-26 HMW Pts, 
D1.D2, E

43- >65 44.7 43.5 175 31.1 3.9x 10 '

27-29 F*,F 31-38 8.3 8.1 75 13.3 9 x  10"*

30-32 Pts 9, 10, 
G

22- 28 1.1 1.1 26 4.6 2 .3 x 1 0 -

33-35 Ptsll, 14 
H

16- 20 16.24 15.8 86 15.3 5.3x10 :

36-40 Lmw Pts 
16-19, H2

9- 14 15.5 15.1 122 21.7 7.8x10-'

41-48 LMW
Ptsl6-19

<9 17 16.5 79.5 14.1 4.6x 10--

Growth at 17 hrs

21-25 HMWPts,
D1,D2

48-65 30.15 13.6 132 8.4 4.4 X  10 -'

26-32 E, F*, F, G, 
Pts 9, 10

22.6-43 34 15.3 239 15.2 7 x  1 0 '

33^1 Pts 11-19.
H, H2, 

LMW Pts

9- 20 79 35.5 644 40.8 8.2 X  10 '

4248 LMW Pts <9 79.3 35.6 562 35.6 7.1 x l O '

Table 8.4 
continued........
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Table 8.4 
continued........

Growth at 48 hrs

21-25 HMWPts, 
D1.D2. E

48- 65 275.6 48.7 1006 20.3 3 .6 x 1 0 ’

26-31 Pts 9, 10, 
F* F

25-43 80.1 29.1 1222 24.6 1.5x10’

32-35 Pts
12,14,G,H

16-22.6 8.26 1.5 705 14.2 8.5x10’

36-38 Ptsl6, 17, 
H2

11-14.6 61.5 10.9 540 10.9 8.7x10-’

39-43 Lmw Pts 
16-19

10.5-<9 120.5 21.3 789 15.9 6 .5x10’

44^8 LMWPts <9 20.5 3.6 700 14.1 3.4x10’

The elution profiles of outer membrane proteins can be seen in Figures 8 .8 , 8.9 

and 8 .10 and Table 8.4. The HMW proteins, D l, D2, and E were eluted in 

greatly reduced amounts during the exponential phase. The amount of silver 

associated with these proteins decreased during the exponential phase but was 

greatly increased during the decline phase. Protein F, 9 and 10 was eluted in an 

increased amount and the amount of silver associated with it was also increased. 

The LMW proteins were eluted in increasing amounts as was the amount of 

silver associated with these proteins during the exponential phase o f growth.

272



__________________________________________________________ Chapter 8

8.4.2 Rechromatography of Fractions 42 to 48 on Sephadex G50 column

As few proteins were observed to elute between fractions 40 to 50 and as the Vt 

was at fraction 48, fractions 42 to 48 eluted on the Sephadex G75 column were 

rechromatographed on Sephadex G50 column and purified further using ion 

exchange chromatography. A range of low molecular weight proteins were 

eluted from the rechromatography of the pooled fractions 42 to 48.

The elution profiles of these outer membrane proteins are shown in Figures 

8.11,8.12 and 8.13.
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[protein] pg/ml in Ag-r cells at 1 OOOpg/ml Ag 
[Ag] ng/pg protein in Ag-r cells at 1 OOOpg/ml Ag

Figure 8.11 Rechromatography of fractions 42 to 48 on Sephadex G50 of outer
membrane proteins produced by Control and Ag-r cells of Ps.aeruginosa 
after 7 hours of growth at 10, 100 and 10OOpg/ml Ag.
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Figure 8.12 Rechromatography of fractions 42 to 48 on Sephadex G50 of outer
membrane proteins produced by Control and Ag-r cells of Ps.aeruginosa 
after 17 hours of growth at 10, 100 and 10OOpg/ml Ag.
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Figure 8.13 Rechromatography of fractions 42 to 48 on Sephadex G50 of 
outer membrane proteins produced by Control and Ag-r cells of 
Ps.aeruginosa after 48 hours of growth at 10, 100 and 
lOOOug/ml Ag
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8.4.2.1 Rechromatography of outer membrane proteins fractions 42 to 48 in 

control Ps231 cells.

Table 8.5. Rechromatography of outer membrane proteins fractions 42 to 48 in 

control Ps23I cells.

Gronth at 7 hrs

protein
number

apparent M3V 
(daltons)

(Ag) ng/ml [protein! Pg/m! pg Ag/pg protein protein
fraction

Pt3 6309 — 2 — 52

Pt 12 3235 — 2 - 61

Growth at 17 hrs

Pl3 6309 - 3 - 52

Pt6 5128 — 4 — 55

Pt9 4073 — 2 - 58

Growth at 48 hrs

Pl3 6309 — 2 - 52

Pt6 5128 — 5 — 55

Pt9 4073 — 3 — 58

Table 8.5 and Figures 8.11, 8.12 and 8.13 show the production and elution 

profile of proteins from fractions 42 to 48 of the outer membrane proteins of 

Ps231, control cells at 7, 17 and 48 hours respectively. LMW proteins 3, 6 , and 

9 with molecular weight of 6309, 5128 and 4073 respectively were produced 

during the exponential phase of growth and these proteins were present during 

the decline phase of growth in the Ps231 cells.
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8A2.2 Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at lOyUg/ml Ag

Table 8 . 6  Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at IO//g/ml Ag

Growth at 7 hrs

protein
number

apparent \ r w  
(daltons)

[Ag] ng/ml [protein] pg/ml pg Ag/pg protein protein fraction

Pt5 5370 11 34 3.2x10-’ 54

Pt 10 3715 9 23 3.9x10"" 59

Pt24 1349 3 9 3.3x10- 73

Growth at 17 hrs

Pt5 5370 11 88 1.25x10- 54

Pt 10 3715 7 8 8.75x10- 59

Pt 12 3235 7 18 3.8x10- 61

Pt 15 2630 4 15 2.6x10- 64

Pt20 1819 3 17 1.7x10- 69

Pt22 1549 4.5 17 2.6x10- 71

Pt24 1349 5 13 3.8x10- 73

Growth at 48 hrs

Pl3 6309 53 150 3.5x10- 52

Pt5 5370 40 110 3.6x10- 54

Pt 10 3715 12 20 6x10- 59

Pt 12 3235 8 11 7.3x10- 61

Pt 14 2818 14 30 4.6x10- 63

Pt 15 2630 16 25 6.4x10- 64

Pt20 1819 11 18 6.1x10- 69

Pt22 1549 14 25 5.6x10- 71

Pt24 1349 12 18 6.7x10- 73

The protein elution profile of rechromatography of fractions 42 to 48 extracted 

from Ag-r cells grown at lOpg/ml silver in Figures 8.11, 8.12 and 8.13 at 7, 17 

and 48 hours show the production of LMW proteins ranging from molecular 

weights of 5300 to 1300 daltons. A wider range of low molecular weight 

proteins were eluted during the 17 to 48 hours of growth phase (Table 8 .6 )
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Silver was associated with all proteins eluted. The highest concentration of 

silver was associated with the proteins eluted at 48 hours of the growth phase.

S.4.2.3 Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at 100/^g/mI Ag

Table 8.7 Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at 100/^g/ml Ag

Growth at 7 hrs

protein
number

apparent VfW 
(daltons)

[Ag] ng/mi [protein] pg/ml (ig Ag/tig protein protein fraction

P l3 6309 56 148 3.8x10-' 52

Pt 14 2818 41 47 8.7x10-' 63

Pt 16 2427 35 38 9 .2x10" 65

Growth at 17 hrs

P t3 6309 135 154 8.8x10" 52

P t5 5370 125 142 8.8x10" 54

Pt 10 3715 112 97 1.2x10" 59

Pt 14 2818 66 63 1.04x10" 63

Pt 16 2427 50 47 1.06x10" 65

Pt 18 2089 44 42 1.04x10" 67

Growth at 48 hrs

Pt I 7413 150 168 8.9x10" 50

P t3 6309 145 154 9 .4x10" 52

P t5 5370 135 146 9 .2x10" 54

Pt 11 3548 95 102 9.13x10" 60

Pt 14 2818 72 82 8.8x10" 63

Pt 16 2427 75 71 1.1x10" 65

Pt 17 2317 77 75 1.02x10" 66

Pt 18 2089 73 66 1.1x10" 67

Table 8.7 and Figures. 8.11,8.12 and 8.13 show the range of proteins eluted 

from the rechromatography of fractions 42 to 48 in Ag-r cells cultured at 

lOOpg/ml silver. Proteins 1, 3 and 5 with molecular weights of 7413, 6309 and
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5370 were produced during the 17 and 48 hours of the growth phase, although 

other lower molecular weight proteins ranging from 350 to 2000 were also 

produced. All proteins were associated with silver, although the overall bound 

silver increased with increasing concentration of silver.

S.4.2.4 Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at 1000//g/ml Ag

Table 8.8 Rechromatography of outer membrane proteins fractions 42 to 48 in 

Ag-r cells at 1000//g/ml Ag

Growth at 7 hrs

protein
number

apparent
MW

(daltons)

[Agi ng/ml [protein] pg/ml Mg Ag/pg protein protein fraction

Pt 1 7413 80 160 5x10-^ 50

P(5 5370 80 130 5x10-* 54

Pt 16 2427 50 50 1x10-^ 65

Pt 19 1950 37 35 1.06x10’ 68

Growth at 17 hrs

Pt I 7413 135 175 7.7x10-’ 50

Pt5 5370 110 133 8.3x10"" 54

Pt8 4365 96 118 8,1x10"* 57

Pt 13 3019 90 83 1.1x10’ 62

Pt 16 2427 65 58 1.1x10’ 65

Pt 17 2317 63 60 1.1x10’ 66

Pt 19 1950 53 48 1.1x10’ 68

Growth at 48 hrs

Pt I 7413 165 185 8.9x10"* 50

Pt5 5370 106 140 7.6x10"* 54

Pt8 4365 84 124 6.8x10"* 57

Pt 13 3019 72 92 7.8x10"* 62

Pt 16 2427 79 73 1.1x10’ 65

Pt 17 2317 83 80 1.03x10’ 66

Pt 19 1950 80 68 1.2x10’ 68
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The protein elution profile of rechromatography of fractions 42 to 48 extracted from 

Ag-r cells grown at lOOOpg/ml silver in Figures 8.11, 8.12 and 8.13 at 7, 17 and 48 

hours showed that LMW proteins 1, 5 and 8 were produced by the Ag-r cells 

cultured at lOOOpg/ml silver. A wider range of low molecular weight proteins 13, 

16,17 and 19 were also produced during the extended exponential phase of growth. 

The amount of silver associated with the proteins increased with the increasing 

concentration of silver as is observed in Table 8.8.

8.5.1 Ion exchange chromatography.

LMW Protein 1 eluted with 1 major peak on DEAE Sepharose CL6B (Figure 

8.14) and a smaller peak. These were identified as having molecular weights of 

7400 and 6300 Da on rechromatography using Sephadex G50 column, eluting 

with a Ve of 79.5ml (Kav= 0.4) and 83.5ml (Kav =0.47). The second peak of 

protein was labelled as LMW protein peak 2. The LMW Proteins 5, 11 and 14 

eluted with Ve of 86ml, 96ml and 101 ml and with Kav of 0.5, 0.65 and 0.72 

respectively (Figure 8.15). The apparent molecular weights o f these proteins 

were estimated to be 5623, 3548 and 2820 Da respectively. The results from the 

ion exchange and the gel filtration studies were in agreement regarding the 

molecular weights of these proteins. A sample of each protein was used for 

Isoelectric Focusing studies. The remaining proteins samples which consisted 

of LMW protein 1, and a pooled sample consisting of LMW proteins 1 ,2,5,11 

and 14 (pooled as low molecular weight proteins) were freeze dried. The LMW 

protein sample 2 was lost during the freeze drying and therefore could not be 

analysed further.
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Figure 8.14 Ion exchange of Protein 1 on DEAEsepharose CL6B
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8.5.2 Isoelectric focusing (lEF) of proteins

The lEF of proteins was found to be 8.2,4.0, 8.4,4.5 and 3.8 respectively 

(Figure 8.16).

8.5.3.1.1 Proton assignment in LMW Ag-binding protein 1 (Figure 8.17).

The assignment of the spectrum was carried out by splitting the spectrum in 

Figure 8.17 in two regions. These were the resonances in the region between 0 

to 4 ppm (Figure 8.18) which are due to a  CH and resonances in the lower field 

in the region of 5 to 10 ppm (Figure 8.19) which are due to aromatic amino 

acids. The actual spectrum has been annotated for easier reference in Figures 

8.18 and 8.19 and shows assignment of peaks due to the protons of -XCH^ (X 

being either a, p, y or ô; x being 2 or 3) of isoleucine, leucine, lysine, arginine, 

proline, glutamic acid, glutamate and tyrosine in the regions between 0.5- 

3.5ppm (Figure 8.18) and the aromatic acids histidine and tryptophane and 

cysteine in its composition in the region between 6.0-8.5ppm (Figure 8.19). 

There were numerous signals between 0.7 to 0.9ppm which could have arisen 

from a downshift of protons of the isoleucine and leucine occurring due to 

possible Ag-binding at these sites on these particular amino acids. The 

unidentifiable signals between 0- 0.8ppm were assigned to unidentifiable 

protons present in these proteins in the form of unidentified proteins. Other 

possible binding sites for Ag were noted at isoleucine and leucine at 1.4 to 

1 8ppm due to downfield shifts in the protons of these amino acids. The signal at 

7.85ppm was believed to have arisen either from protons of histidine, cysteine 

or tryptophane. However, a collapse of the doublet signals, which resulted in a
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Figure 8.16 Iso-electric focusing of Proteins 1, 2, 5, 11 & 14
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singlet due to a strong possible binding between Ag and the amino acid, 

indicated the amino acid to be cysteine or histidine. It was difficult to be certain 

as to which of the two amino acids was binding silver at this site on the 

molecule. The 'H NMR spectrum of LMW protein 1 shows strong indications 

of Ag-binding to either cysteine or histidine, lysine, isoleucine, leucine and 

possible glutamic acid and glutamate on this protein.

8.5.3.1.2 Proton assignment in pooled LMW Omp sample.

As this sample consisted of a mixture of 5 LMW protein samples it was analysed 

only for its amino acid content (Figure 8.20). The resonances in Figure 8.20 

between 0 to 4ppm were assigned to protons of -XCH^ (X being either a, p, y or 

Ô; X being 2 or 3) from valine, isoleucine, leucine, threonine, alanine, lysine, 

proline, glutamine, methionine, aspartic acid, cysteine, glycine, arginine, and 

serine. The aromatic region of resonances between 4.4 and 4.6ppm was assigned 

to proton signal due to ctCH of the methionine and proline respectively. The 

resonances at 7 and 7.2 ppm (Figure 8.22) were assigned to 2,6H and 3, 5H 

protons from tyrosine at 7.1 and 6.8ppm respectively. A singlet of proton signals 

from cysteine was obtained at 8.5ppm. The usual signal of the NH proton of 

cysteine is at 8.31 ppm but the upfield shift of the NH signal to 8.5ppm indicates 

a possible binding of Ag to the NH portion of the cysteine molecule. Signals at 

5.0, 5.4, 5,6, 5.9, 6.1, 6.45 and 6.65ppm could not be assigned to any amino 

acids therefore remain unidentified.
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8.6 Discussion

The protein profile from the outer membrane protein extracted from the control 

Ps231 cells showed these cells to produce many of the major outer membrane • 

proteins as well as all of the other unidentifiable proteins including all the heavy 

and lower molecular weight proteins. The percentage of the total protein 

produced by the control cells however, was greatly reduced in comparison to the 

amount of the same proteins produced by the silver resistant cells on exposure to 

silver. Low molecular weight proteins with molecular weights of 13031,

11748 and 9440 Da were also produced by the control cells. Most of the Omps 

were produced in detectable amounts in both the control and the Ag-r cells. 

However, the amounts in which the proteins were produced by the Ag-r cells 

appeared to be either slightly or greatly increased on exposure to silver. Outer 

membrane protein 9 (MW 28kDa ) and protein 10 (MW 25kDa) and F were 

found to be associated with higher amounts of silver and were produced in 

increased amounts on exposure to silver. The HMW proteins were also found to 

be associated with high amounts of silver but were produced in reduced amounts 

on exposure to extremely high concentration of silver. The LMW proteins 

appeared to be produced in the Ag-r cells during the decline phase of growth.

All proteins were found to be associated with silver.

Most of the proteins which were detected by gel filtration techniques in this 

Chapter were also found to be present on separation of outer membrane proteins 

using SDS-PAGE technique in Chapter 7, with a few exceptions. For example, 

Ag-r cells cultured in presence of lOpg/ml of silver produced protein 10 with a
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molecular weight of 25,118 Da which was not detected on the SDS-Page gel. 

Lower molecular weight proteins were also produced by the Ag-r cells on 

exposure to higher concentrations of silver. However, a great reduction in the 

production of most of the major outer membrane proteins except protein F and 

LMW proteins was observed to occur in Ag-r cells cultured at lOOOpg/ml silver. 

The reduction in production of many of the major outer membrane proteins was 

also observed to occur on separation of the Omps on SDS-PAGE gels in Chapter 

7. The amount of silver bound increased with an increase in the external 

concentration of silver. It was observed that the production of the lower 

molecular weight proteins was initiated in Ag-r cells during the extended and 

decline lag phase of growth. Proteins with molecular weights ranging from 7000 

and higher molecular weight proteins were produced by these cells during the 

exponential phase of growth. Proteins with the lowest molecular weights (in the 

region of 2000) were produced during the late exponential/ decline phase of 

growth.

All proteins bound a high amount of silver but were not classified as 

metallothioneins as the amino acid content of pooled sample of all 5 proteins 

was found to consist of aromatic proteins. Silver has a strong affinity for -SH- 

groups and therefore binds readily to these groups. The proteins identified in 

the *H NMR showed binding sites to silver in cysteine, lysine, leucine , 

isoleucine and methionine. In my study, a range of amino acids both aliphatic 

and aromatic were present in the ’H NMR spectrum of the LMW protein 1. The 

presence of the aromatic amino acids tyrosine, tryptophan, leucine and arginine
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excluded protein 1 from being classified as a typical metallothionein. However 

LMW protein 1 seemed to be composed predominantly of leucine, isoleucine 

and lysine as observed from the 'H NMR spectrum. All of these amino acids 

including cysteine bound silver. A range of amino acids were observed to be 

present in the pooled LMW proteins sample. Sites for silver binding were 

located on several amino acids, including cysteine, on the analysis of the *H 

NMR spectrum. Examples of metal binding proteins extracted from 

microorganisms include a copper binding metallothionein which has been 

isolated from the fungus, Neurospora crassa (Lerch 1980) and from the yeast, 

Sacccharomyce cerevisiae with a molecular weight of 10,000 Da (Naiki and 

Yamagata 1976). Cadmium exposed cells of blue green algae, Synochococcus 

spp. were shown to have a lag phase of 6 days and onset of growth in presence 

of cadmium resulted in increased production of cadmium and zinc 

metallothioneins while control cells showed no changes at all (Olafson ei al 

1980). Cadmium binding proteins have been isolated from Amoeba proteus with 

a molecular weight of >45,000 and 12,000 (Al-Atia 1980) from 

Pseudomonas.putida with a molecular weight of 6700, 6900 and 3600 (Higham 

et a i 1984) and from Escherichia coli with a molecular weight of 39,000 Da 

(Mitra and Bernstein 1984). A small protein with a molecular weight of <5kDa 

was produced on exposure of the yeast Klitveromyces marxianus to silver and 

cadmium. In Saccharomyces cerevisiae this low molecular weight protein was 

induced on exposure to silver alone (Yazgan et a i 1993). The amino acid 

content of this low molecular weight protein remains to be characterised.
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Thirteen protein fractions were detected in Escherichia coli R1 cells grown in 

0.5mM AgNO] The fraction with the protein of molecular weight of 1450 was 

reduced greatly and proteins with molecular weights of from 17,000 to 10,000 

were absent or barely detectable in cells grown in 0.1 mM AgNOj (Starodub and 

Trevors 1989 and 1990). Synthesis of increased production in the outer 

membrane proteins in presence of heavy metal ions occurred in strains of 

Pseudomonas aeruginosa, Escherichia coli and Vibrio cholerae isolated from 

coastal waters (Choudary and Kumar 1996). Pseudomonas aeruginosa was 

found to be sensitive to silver and cobalt ions but resistant to cadmium, zinc, 

copper, lead and nickel ions.

8.7 Summary

The control Ps231 cells produced most of the proteins which were produced in 

enhanced amounts on exposure to silver by the Ag-r cells. A LMW Ag- binding 

protein 1 with a molecular weight of 7400 Da was produced in increased 

amounts by the Ag-r cells on exposure to silver. All outer membrane proteins 

bound silver. The silver binding proteins were not classified as metallothioneins 

in my study due to the presence of aromatic amino acids such as tryptophan, 

tyrosine, leucine and arginine.
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Chapter 9

Synergistic Action of Silver Nitrate and Selected Antibiotics on Ag-r cells

9.1 Introduction

The emergence of silver resistant microorganisms is well documented amongst 

patients treated with silver sulphadiazine (AgSD) and silver based preparations 

in bums units (Chapter 1). Modak et al. (1984) have investigated the effects of 

norfloxacin, a quinolone carboxylic acid compound and its silver derivative, 

silver-norfloxacin, on a wide variety o i Pseudomonads strains resistant to silver 

sulphadiazine and shown this silver derivative to be more effective than silver 

sulphadiazine as an antibacterial agent both in vitro and in experimental 

capabilities at lower concentrations (Fox et al. 1984, McCauley et al. 1984, 

Monafo et al. 1977, Heggers et al. 1986). More recently cerium nitrate and 

silver sulphadiazine used on bums patients was found to produce an adherent 

eschar which received skin grafts without cellulitis or septicaemia (Ross et al. 

1993). Benevisty et al. (1988) showed that when Ag-amikacin and Ag-oxacillin 

antibiotic complex were implanted in canine abdominal aortas inoculated with 

Staphylococcus aureus, the prostheses had significantly less number of colonies 

than the controls.

In this chapter the synergistic effect of silver nitrate in combination with 

selected systemic antibiotics was tested out as antibacterial agents on the 

laboratory-derived strain of Ag-r Pseudomonas aeruginosa. In addition Proton 

‘H NMR spectroscopy was used to investigate the binding of silver nitrate and
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silver sulphadiazine to selected antibiotics.

The effect of synergistic action of silver nitrate and selected antibiotics on the 

permeability of the outer membrane was also examined by measuring the uptake 

of silver by the silver resistant cells in presence of selected antibiotics.

9.1.1 Theory and Application of Proton HNMR Spectroscopy

The theory and application of Proton 'H NMR Spectroscopy is detailed in 

Chapter 8.

9.2 Materials and Methods

9.2.1 Proton HNMR analysis of silver nitrate with selected antibiotics

The sample size for a routine FT ' H spectrum is only between 1 to 10 mg. 

Selected antibiotics were dissolved in D 2 O with TSF (sodium 3- 

trimethylsilylproprionate) as reference. The choice of the solvent depended on 

the solubility of the compound under investigation. The solution was introduced 

into a precision-ground tube of 5mm diameter to a depth of 2-3cm. An internal 

reference compound TSF was added to the solution and the tube was lowered 

into a probe placed between the poles of the magnet. (The probe has transmitter 

and receiver coils connected to it). The magnet was then shimmed to give the 

highest possible level of homogeneity, generally about 1 in 10̂ , and the tube was 

spun at about 30 r.p.s, the spectrum was then taken and the FT spectrum was 

printed. Each spectrum was recorded, of the selected antibiotic alone, selected 

antibiotic in combination with 1 ; 1 and 1:2 equivalent of the silver nitrate and 

silver sulphadiazine using a pulse width of 4.0 seconds and acquisition time of
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3.408 seconds. All spectra were recorded on the Bruker WH 400 MHz 

spectrometer at Queen Mary and Westfield College London with the help of Mr. 

Peter Haycock.

9.2.2. Synergistic action of Ag-r Pseudomonas aeruginosa with silver and 

selected antibiotics

15ml of SAM was poured into Petri dishes to which was added lOOpg/ml silver 

nitrate. The plates were covered and kept in the dark all though the experiment. 

Plates of SAM without any silver were also poured for the Ps231 cells. Cultures 

of Ag-r cells and Ps231 in early lag phase were diluted to 2x10* cells/ml and the 

plates were inoculated. The Ag-r cells were inoculated on plates of SAM with 

and without silver and 4 discs of antibiotics of known concentrations were 

placed aseptically on each Petri dish. The plates were incubated in the dark 

overnight at 37°C. This experiment was repeated five times to obtain a sample 

size of 20 results. The zones of inhibition were measured and the mean zone 

size was recorded.

9.2.3 AAS of silver in cells cultured in combination of selected antibiotics 

and silver nitrate.

Cells of Ag-r Pseudomonas aeruginosa were incubated in the presence of 

selected antibiotics (Figure 9.1) and silver nitrate as follows. Batch cultures 

consisting of 100ml nutrient broth were inoculated with an inoculum of 2 x 10* 

cells /ml of Ag-r cells of Pseudomonas aeruginosa and incubated at 3TC  for 4 

hours. lOOpg/ml silver was added to one set of cultures and a combination of 

lOOpg/ml silver and 50pg/ml or less of the selected antibiotic was
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added lu Ihe second sel of cuilures. The cells were incubated in a shaking water 

bath at 3>TC for a further 7 hours and harvested by centrifugation (10,0GOg for 

40 minutes) at 4"C. The cells were washed in ammonium bicarbonate buffer at 

pH 8.0, the wet weight was recorded and silver uptake was measured using the 

AAS as described in Chapter 2.

9.3 Results

9.3.1 Synergistic action of Ag-r Pseudomonas aeruginosa with silver and 

selected antibiotics

[antibiotic]
jig/disc

Ps231
cells
zone size (mm)

SEM Ps231 cellsf lOOpg/ml 
Ag

Ag-r cells 
(NOAg) 
zone size 
(mm)

SEM Ag-r ceBs + 
lOOfig/ 
ml Ag
zone size (mm)

nalidixic acid (30) R — S <frt0.08 1.43 S

caâazidiffic (30) 26±0.22 0.04 s 25±0.2 0.04 s

trimethoprim
(1.25)

R - s R - s

chloramphenicol
(50)

R - s R - s

tiisidic acid (50) R — s R — s

achromycin (10) <6±0.08 1.36 s 11.75±0.22 0.04 s

amikaçin (10) 12.2±0.23 0.05 s 11.1±0.22 0.04 s

penicillin G (10) R — s R — s

rifampicin (2) R — s R — s

gentamicin (10) R — s R — s

erythromycin (10) R — s R — s

methicillin (10) R — s R — s

amoxycilhn (25) R — s R — s

metronidazole (50) R — s R — s

sulphamethaxole
(50)

R - s R - s

neomycin (50) 29±0.22 0.05 s 35±0.32 0.07 s
kanamycin (50) R — s R — s

Table 9.1 Synergistic action of Ag-r Pseudomonas aeruginosa with 
silver and selected antibiotics

R*: Resistant to reagents 
S*; Sterilised by reagents
The same resistance pattern to caftazidime, achromycin and neomycin was
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exhibited by the Ag-r cells which had continually being exposed to silver. These 

cells were also displaying a slight sensitivity to nalidixic acid but greater 

sensitivity to neomycin and achromycin. The zone of inhibition to caftazidime 

was reduced ( 25±0.2) showing an increased resistance towards this antibiotic. 

The resistance to caftazidime in this instance although reduced, remained stable 

and no further reduction in zone sizes were observed to this antibiotic.

However, the Ag-r cells were sterilised by silver in combination with the 

antibiotics. Further experiments were carried to test the effect on the 

permeability by these combinations on the Ag-r cells by measuring the uptake of 

silver by these cells in the presence and absence of these combinations of 

reagents as described in section 9.3.3.

9.3.2 Silver uptake by Ag-r ceils incubated in Antibiotics and in 

combination of antibiotics with silver.

Silver +lantibioticlpg 
per disc

[Ag] ng / mg wet weight cells

mean of 5 samples SD SEM

achromycin (10) 373.3 5.13 2.29

kanamycin (50) 371.1 2.33 1.04

nalidixic acid (30) 282.5 2.33 1/04

chloramphenicol (50) 186.1 3.23 1.49

gentamicin (10) 378.6 1.74 0.78

penicillin G (10) 370.2 6.21 2.78

methicillin (10) 351.8 1.145 2.56

Ps231 cells 274.4 2.25 1.00

Ag-r cells 117.4 2.498 1.12
Table 9.2 Silver uptake by Ag-r cells incubated in Antibiotics and 

in combination of antibiotics with silver.

From Table 9.2 it can be seen that cells incubated in the presence o f silver with
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antibiotic contained a higher quantity of silver per mg of wet weight of digested 

cells. The Ag-r cells consisted of a relatively low concentration of silver when 

incubated alone in silver in comparison to cells cultured in the presence of silver 

and the relevant antibiotic. Ag-r cells incubated with gentamicin. Penicillin G, 

kanamycin and achromycin had the highest quantities of silver followed by 

methicillin. Cells cultured in nalidixic acid and chloramphenicol were found to 

contain comparatively lower levels of silver in the digested matter.

9.3.3 H NMR of silver nitrate and selected antibiotics

9.3.3.1 Achromycin (Tetracycline Hydrochloride, C 2 2 H 2 S CIN2  Og ) 

Achromycin (Figure 9.1) belongs to the tetracycline class of antibiotics and is a 

broad spectrum bacteriostatic antibiotic. It acts by inhibiting binding of 

aminoacyl transfer RNA to the 30S ribosomal subunit in bacteria (Heritage et 

al. 1999).

‘H NMR of achromycin in D2 O is shown in Figure 9.3. At 1.4ppm there are 

doublets from the protons of the 6CH3 groups and at 1.7ppm there is a singlet 

signal from proton at position 5 on the achromycin molecule. At 1.95ppm and 

2.45ppm the protons from the 5a and 4a positions show corresponding 

resonances. At 2.95ppm and 3.0ppm there are proton signals from the 5 CHj 

and 4H protons. At 3.05ppm, there is a singlet from the protons of the N(CHg) 2  

group. At 3.0ppm and 3.45ppm the doublet signals are from protons at 4 and 5 

positions on the achromycin structure. The extra signal at 3.7ppm arises as the 

Cl is replaced by the H bonding due to deuteration of OH and NHg groups.
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Deuteration occurs when the sample is shaken rapidly with the D jO . The OH, 

NH and SH hydrogens exchange rapidly with the deuterons causing the HDO to 

float rapidly to the surface out of the region examined by the spectrometer. The 

signal of the OH, NH or SH then either simply disappears from the spectrum or 

is replaced by a weak signal close to ô 4.8 coming from the suspended droplets 

of the HDO. The aromatic rings signals appear at 7.1 ppm, 7.3ppm and 7.7ppm 

from the 7H, 9H and SH positions. The proton from one of the aromatic rings 

gives rise to the signal at S.Oppm.

Figures 9.3 and 9.4 show the spectrum of achromycin in combination with 1:1 

and 1:2 ratio of silver nitrate respectively. When silver nitrate is added in 1:1 

ratio with the antibiotic, there is no significant change in the spectrum; however 

when silver nitrate concentration is increased the whole spectrum shifts 

downfield (Figure 9.3). This shift is due to a conformational change in the 

molecule. Also many of the resonances are sharper and taller when compared to 

the spectrum of the antibiotic alone. The singlet representing the -N(CH3 ) 2  

group changes to a doublet and many extra signals appear between 4.2ppm and 

4.4ppm. These signals are due to deuteration of the -OH groups resulting in 

either H bonding at these sites or silver binding onto the Cl group.

There are also changes in the resonances resulting from the aromatic ring at 

7.6ppm and 7.7ppm. The extra signal at 7.7ppm and 8.3ppm shows there is 

definite change in the structure of the whole molecule suggesting the presence 

of silver binding either at the 8H on the aromatic ring or at the Cl site or at - 

N(CHg) 2  group, or perhaps binding of silver ion occurs at both sites altering the
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structure of the whole molecule of achromycin.

A change in the pattern of the spectrum was observed when the achromycin was 

added to Silver sulphadiazine in 1:1 ratio (Figure 9.5). The extra signals 

observed at 4.0ppm are due to the Cl being replaced by the H bonding due to 

deuteration of the OH and NH2  groups. The signal between 4.6 - S.Oppm is due 

to D2 O in which the experimental compounds are dissolved.

However, extra signals were observed at 6.85ppm, 7.8ppm and 8.5ppm. These 

signals appear to be indications of the many changes occurring at the 7H, 9H 

and 8 H sites on the aromatic ring, where binding of silver to hydrogen may be 

taking place. The signal of an aromatic ring at 8.5ppm arises either from the 

chelation of the sulphadiazine ring with the silver chelating onto the 7H proton 

or even the hydrogen bonding with the sulphadiazine part of the silver 

sulphadiazine molecule.

The increase in the concentration of the silver sulphadiazine to double fold 

made no significant change in the spectrum (Figure not shown here).

9.3.3.2 Kanamycin (C 1 9 H 2 6 N4 O 1 1 )

Kanamycin and gentamicin belong to the aminoglycoside group of antibiotics 

and are broad spectrum bactericidal antibiotics. The antibiotic acts by binding 

to the 30s subunit and producing abnormal initiation complex and misreading of 

the genetic code resulting in inhibition o f protein synthesis (Heritage et al.

1999). Kanamycin gives a very complicated spectrum due to the two 

deoxyglucose rings and the deoxystreptamine ring, thus making it quite difficult 

to assign for all its protons. Figure 9.6 shows the resonances
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the protons of the kanamycin in D2 O alone. At 1,5ppm there is a quartet signal 

of the C4  and C^-H protons from the 2- deoxystreptamine ring. There are 

doublet signals at 2.2ppm and 3.1 ppm from the C l, C3H and C5-H protons from 

the deoxystreptamine ring. There is a multiplet signal between 3. Ippm and 

3.25ppm, with further multiplet signal between 3.4ppm and 4.0ppm. All these 

signals are assigned to the protons from the two deoxyglucose rings. Signals at 

5. Ippm and 5.5ppm are assigned to the Cj-H protons of the deoxyglucose rings. 

When silver nitrate is added in 1:1 ratio, the whole spectrum (Figure 9.7) shifts 

upfield with distinct changes in the resonances compared to the spectrum 

obtained from the antibiotic alone. The quartet signal C4  and C^-H protons from 

the 2- deoxystreptamine ring shifts to 1.65ppm and collapses to a doublet. The 

doublet signals at 2.2ppm and 3. Ippm from the C l, C3H and C5-H protons of the 

deoxystreptamine ring shift to 1.65ppm and the signal collapses. The doublet 

signals at 2.2ppm and 3.Ippm from the C l, C3H and C5-H protons from the 

deoxystreptamine ring shift to 2.4ppm and 2ppm and the latter changes to a 

quartet signal. Signals between 3.0ppm and 4.0ppm change to a broader and 

flatter signal on addition of silver representing changes arising from silver 

binding or hydrogen bonding on the deoxyglucose rings.

From Figure 9.8 it can be seen that increasing the concentration of silver causes 

further changes in the signals at the lower end of the magnetic field, i.e. the 

quartet signal at 1.5ppm completely changes to a doublet signal. The multiplet 

signals at 3.5ppm change to doublets and triplet signals at 3.6ppm to 3.8ppm. It 

is difficult to propose the exact site at which the silver binds as there are so
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many sites on the deoxyglucose and the deoxystreptamine rings. However it may 

be possible that silver may primarily bind at the deoxyglucose ring with further 

binding on the deoxystreptamine ring.

On adding silver sulphadiazine to kanamycin both in 1.1 (Figure 9.9) and 1:2 

(Figure not shown here) ratios, the overall height of the signals were almost 

halved, with an upfield shift of the spectrum. The quarter of signals from C4 - 

CgH remain unchanged in the spectra obtained from kanamycin and Silver 

sulphadiazine (1:1 ratio). By comparison, the signals on the kanamycin and 

AgNO 3  (1:1) and ( 1:2) ratio collapse at 1.6 ppm and 2.5ppm, suggesting bonding 

between silver and hydrogen. The multiplet of signals from the deoxyglucose 

ring between 3.0ppm and 4.0ppm seemed to remain the same when compared to 

the spectrum obtained for kanamycin +D2 O . It is very difficult to suggest that 

any binding takes place between kanamycin and silver sulphadiazine on the 

deoxyglucose ring.

For the kanamycin and AgNOg in (1:1) and ( 1:2) ratios there is a collapse of 

multiplet signals between S.Oppm and 4.0ppm suggesting silver binding at these 

sites on the deoxyglucose ring. It was interesting to observe that extra singlets 

appeared at 6 .8 , 7.65, 8.3 and 8.45ppm in the silver sulphadiazine spectra at 

both 1:1 and 1:2 ratios. These signals did not appear in the spectra obtained 

from AgNO) 1 : 1  or 1 : 2  or kanamycin in D2 O, although very slight peaks were 

obtained at 8.0 and 8.45ppm in the latter three spectra. The singlets at 6 .8 , 7.65, 

8.3 and 8.45 appear as very small peaks in kanamycin and Silver sulphadiazine 

in ( 1:1 ) ratio. However they are more pronounced as the silver sulphadiazine
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Figure 9.7 K A N A M Y CIN  A G N 0 3  (1:1) IN  D20
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Figure 9.8 K A N A M Y CIN  A G N 0 3  (1:2) IN  D20
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Figure 9.9 K A N A M Y CIN  AGSD  (1:1) IN D20
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concentration is increased, suggesting binding between Ag and/or silver 

sulphadiazine and protons from 4H or 6 H position on the deoxystreptamine ring. 

9.3,33 Nalidixic acid

Nalidixic acid is a gram negative bacteriostatic antibiotic which acts by 

inhibiting DNA synthesis, thus preventing the incorporation of thiamine into the 

DNA structural molecule.

Figure 9.10 shows the spectrum of nalidixic acid alone in DjO. At 1.5ppm there 

is a doublet signal from the 7-methyl -C2 H5  group and a singlet at 2.5ppm from 

the -CH3  group. The signal at 4.56ppm arises from the deuteration of the - 

COOH group resulting in hydrogen bonding at these sites. The singlet at 

7.6ppm arises from the protons of the aromatic rings. The singlet at 8.7ppm and 

the doublet signal at 8 .8 ppm are due to hydrogen bonding on to the aromatic 

rings at positions 2 and 3. When silver is added in 1:1 ratio, the signals are 

sharper and longer (Figure 9.11).

When the silver is added in 1:2 ratio to the antibiotic there appears to be no 

difference in all three spectra suggesting that silver does not to bind to nalidixic 

acid.

On addition of excess silver sulphadiazine to nalidixic acid, there is an extra 

signal at 1.45ppm from the proton in 7-methyl group CH2 CH3  and a doublet 

signal from the 7-methyl group. Extra singlet resonances observed at 1.9 and 

2.2ppm suggest binding of silver to either the 1-ethyl or the 7-methyI CH groups 

in the structure. Multiplet signals were also observed at 3.4, 3.65 and 3.8ppm on 

the spectrum. It is very difficult to interpret these signals as anything significant
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because of the nature of the printout of the whole spectrum. The signals 

between 4.56 - 5.5ppm may be due to deuteration of the -COOH group resulting 

in hydrogen bonding. Extra signals of doublets at 6 . 8  and 7.7ppm indicate 

bonding of sulphadiazine anomeric ring to the 8  napthyridine site and the singlet 

at 6.95ppm 8.35ppm is also indicative of bonding of the sulphadiazine molecule 

to the 1,8 napthyridine sites on the nalidixic molecule. The singlets at 

8.45ppm, 8.55ppm and 8.75ppm arise from binding of silver or hydrogen to 

sulphadiazine at the napthyridine site on the nalidixic acid (Figure 9.12).

9.3.3.4 Gentamicin sulphate (C 2 1 H 4 3 N5 O 7 )

Figure 9.13 shows the spectrum of the antibiotic in D2 O alone. The singlet and 

the doublet signals at 1 4pm and 1 3ppm are assigned to the protons from the 

methyl groups on the garosamine ring. Signals at 1.6, 1.9 and 2.6ppm are 

assigned to the hydrogen bonding due to deuteration of the hydroxy groups on 

the garosamine and the 2 deoxystreptamine rings. The singlet at 2. Ippm is 

assigned to the -HNCH3 group on the garosamine ring. Signals between 2.8ppm 

and 3.5ppm are assigned to the 2 deoxystreptamine ring with the singlets at 2.75 

and 2.95ppm due to the resonances from the protons of the -NH2  groups on this 

ring. The multiplet signal at 3.5ppm arises from the hydrogen bonding at the -O 

sites linking the purpurosamine and garosamine rings and also from the 

deuteration o f the -OH group on the deoxystreptamine ring. The multiplet 

signals at 3.9ppm and between 4.0 and 4.4ppm are assigned to the - 

CH3CHNHCH3 group on the purpurosamine ring. The doublet at 5.2ppm arises 

from the NH2  group and the signal at 6 .0 ppm is assigned to the aromatic ring
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Figure 9.11 N A LID IX IC  A C ID  IN  D20: H O D  IRRA D IA TED
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structure of the purpurosamine ring.

When silver is added to the antibiotic in 1:1 ratio, there is no significant change 

in the pattern of the resonances of the spectrum. (Figure 9.14). However on 

increasing the concentration of the silver it can be seen from Figure 9.15 that the 

spectrum shifts slightly upfield and the signals are sharper and the peaks are 

longer. The multiplet signals at 3.5ppm assigned to the O group linking the 3 

rings are changed resulting in two singlets and a doublet signal. This can be due 

to either hydrogen bonding or silver binding at these sites. At 3.9ppm the signal 

changes to a triplet signal indicating silver attachment at the -CH3CHNHCH3 

group on the purpurosamine ring. At 4.9ppm there is a multiplet signal 

indicating towards hydrogen or silver binding at the -NHj groups. Silver is 

bound onto the the gentamicin sulphate molecule but due to the complexity of 

the molecule, it is difficult to determine the exact points at which binding may 

occur.

On addition of silver sulphadiazine in 1:1 ratio to gentamicin ( Figure 9.16) the 

quartet of signals at 3.5ppm - 3.7ppm become more defined indicating changes 

on the a-CH protons on the deoxystreptamine ring suggesting possible bonding 

of silver to hydrogen at this site. There are changes in the triplet signals at 

3.9ppm indicating silver attachment at the CH3CHNHCH3 group on the 

purpurosamine ring. The multiplet signals between 4.0ppm - 4.3ppm remain 

unchanged. However there is a collapse o f the doublet signal at the 4.8ppm 

suggesting definite binding of silver with either the CH3CHNHCH3 group or the 

NH2  group on the purpurosamine ring.
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Figure 9.14 G EN TA M IC IN  SU LPH A TE: A G N 0 3  (1:1) IN  D20
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Figure 9.15 GENTAMICIN SULPHATE: AGN03 (1:2) IN D20
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Figure 9.16 G EN TA M IC IN  SU LPH A TE: AGSD (1:1) IN D20
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Silver does bind to gentamicin at one or many of the binding sites on the 

antibiotic molecule. Singlets appearing at 6 .8 ppm, 7.7ppm and 8.4ppm are 

assigned to the binding of the silver or silver sulphadiazine to the aromatic ring 

structure of the purpurosamine ring, or the garosamine ring.

No significant changes are observed in the spectrum obtained when the silver 

sulphadiazine concentration is increased .

9.3.3.S Chloramphenicol

Chloramphenicol is a broad spectrum bacteriostatic antibiotic. It binds to the 

50s subunit and prevents binding of amino acyl tRNA to the 50s subunit causing 

inhibition of protein synthesis, peptide bond formation and termination.

Figure 9.17 shows the spectrum of the chloramphenicol in D2 O alone. Signals at 

3.7ppm and 3.9ppm are assigned to the protons from the methyl groups of the 

CH2 OH group with hydrogen bonding with the -OH group which deuterates and 

does not show a signal. The signal at 4.25ppm is assigned to the NH-CH group 

of protons. The doublet at 5.2ppm is assigned to the -OH-CH group and the 

singlet at 6.25ppm is assigned to the CH proton. The signals at 7.6ppm and 

8.25ppm are doublets arising from proton signals of the aromatic ring.

The spectrum does not change significantly on addition of silver either in 1:1 

(Figure 9.18) or 1:2 (figure not shown here) ratio, although the signals in the 

spectrum of 1:2 ratio are sharper and longer. Silver does not appear to bind to 

the chloramphenicol molecule.

No significant changes were observed in the resonance spectra on addition of 

silver sulphadiazine in either 1:1 (Figure 9.19) or 1:2 (figure not shown here)
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Figure 9.18 C H L O R A M P H E N IC O L  A G N 0 3  (1:1) IN D20
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concentration to chloramphenicol, suggesting lack of binding of silver to this 

antibiotic.

93.3.6 Penicillin G

Penicillin G belongs to the penicillin class of antibiotics and its spectrum of 

activity is limited to Gram positive bacteria and a few Gram negative bacteria.

It is completely ineffective against penicillinase producing bacteria which 

render it ineffective by hydrolysing the cyclic amide bond in the p-lactam 

molecule. Penicillin G acts by inhibiting cell wall synthesis by interfering with 

transpeptidation reaction.

'H NMR of Penicillin G in DjO is shown in Figure 9.20. The doublet signals at 

1.4-1.5ppm arise from the protons of the two methyl CH3  groups on the side 

chain. At 3.6ppm there is a quartet of signals which are due to the hydrolysis of 

the carboxylic bonds and bonding of hydrogen at these sites. At 4.2ppm, a 

singlet resonance arises from the proton of the CH group or the -S on the cyclic 

amide ring. There is a singlet at 4.8ppm which arises from the deuteration of 

the COOH group resulting in hydrogen bonding. The doublets at 4.9ppm and 

4.0ppm are due to the protons from the NH-C groups. The methyl -CH2  group 

attached to the benzene ring results in a multiplet signal at 7.3 - 7.5ppm.

On addition of silver nitrate to Penicillin G in both 1:1 and 1:2 ratios there is an 

upfreld shift o f the spectrum. With silver nitrate in 1:1 ratio to the antibiotic 

(Figure 9.21) the peaks are generally sharper and higher; however, there is no 

indication of any extra signals or collapse in the spectrum to indicate binding of 

silver to the antibiotic between 3.5ppm and 5.0ppm. When the concentration of
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Figure 9.21 P E N IC IL L IN  G + A G N 0 3  (1:1) IN  D20
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silver is increased the peaks are sharper and the most discernible change occurs 

at the doublets at 4.9ppm and 5.3ppm. These signals arise from the protons of 

the NH-C groups on the side chain in Penicillin G in D2 O spectrum ( Figure not 

shown). In this spectrum the signals are spread wider apart and have double 

peaks which are also noticeable in the antibiotic/silver nitrate 1 : 1  ratio 

indicating binding of silver at the NH sites on the side chain. There is also a 

slight change in the multiplet signals observed at 7.2ppm -7.5ppm in both 

concentrations of silver nitrate. This signal is believed to arise from the benzene 

ring and there is binding of silver at the CHg site on this ring. Thus there are two 

possible sites for silver to bind on the Penicillin G molecule.

When silver sulphadiazine is added to Penicillin G the spectra for both 

concentrations of silver sulphadiazine (Figure 9.22) remain unchanged overall 

when compared to that of the antibiotic in DjO. The slight change in the doublet 

peaks at 5.4ppm and 5.6ppm which are from the NH-C groups may indicate 

possible silver bonding at this site but it is very difficult to interpret as a 

certainty.

9.3.3.7 Methicillin

Methicillin belongs to the penicillin group of antibiotics and its spectrum of 

activity is limited to Gram positive bacteria and a few Gram negative bacteria.

It acts by inhibiting cell wall synthesis by interfering with transpeptidation 

reaction (Heritage et al. 1999).

'H NMR of methicillin is shown in Figure 9.23. The doublets at 1.5 and 1.6ppm 

arise from the protons of the two CH3  groups on the side chain. A singlet is
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observed at 2.2ppm which arises from the CH group on the cyclic amide chain.

A sharp singlet resonance at 3.85ppm arises from the CH-CO proton. At 

4.8ppm there is a singlet arising from the deuteration of the COOH group 

resulting in hydrogen bonding. A doublet of signals observed at 5.65ppm and 

5.75ppm is due to the protons from the NH-CH groups on the side chain. The 

protons from the OCH3  group attached to the benzene ring give rise to the 

doublet signals at 6 .8 ppm and 7.5ppm.

On addition of silver nitrate in 1:1 ratio to methicillin (Figure 9.24) there is a 

collapse of one of the singlets at 1 .6 ppm which arises from the protons of one of 

the CH 3 groups suggesting possible bonding of silver at the site to the -S- 

molecule. The whole spectrum shifts downfield. The doublet of signal at 

5.7ppm and 5.9ppm have moved apart when compared to the methicillin 

spectrum suggesting that these signals arise from NH-CH groups, with bonding 

of silver between the -NH- group. At 6 .8 ppm and 7.5ppm there is a collapse of 

signals due to binding of silver to the OCH3 groups on the benzene ring. No 

other changes were observed in the spectrum. The spectrum for the antibiotic to 

silver nitrate 1:2 ratio was similar to that for silver nitrate in 1:1 ratio (Figure 

9.25). Therefore it seems possible that silver binds at many of the sites on the 

side chains as well as at the cyclic amide site on the structure, and the benzene 

ring.

When silver sulphadiazine was added to the antibiotic, the spectra were similar 

for both the 1 : 1  and increased concentration of the silver sulphadiazine to the 

antibiotic. The singlet at 2.2ppm observed in the methicillin in DjO spectrum
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Figure 9.24 M E T H IC IL L IN  A G N 0 3  (1:1) IN  D20
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Figure 9.25 METHICILLIN AGN03 (1:2) IN D20
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Figure 9.25 M E T H IC IL L IN : AGSD  (1:1) IN D20
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collapsed completely when silver sulphadiazine was added to the antibiotic 

(Figure 9.26) suggesting binding of silver at the CH group on the cyclic amide 

chain, from which the proton signal is thought to arise or at the -S- group on this 

ring. It is very difficult to interpret the precise point of bonding of silver but 

there is an alteration in the molecular structure of the antibiotic. There is no 

further change in the spectra and no change at the doublets at 5.65ppm which 

occur on the spectra when silver nitrate is added to the antibiotic.

9.4 Discussion

From the results in Tables 9.1 and 9.2, it was seen that the synergistic action of 

silver with the antibiotics sterilised all the Ag-r cells of Pseudomonas 

aeruginosa when cultured in^presence of silver with the relevant antibiotics. 

Synergism was defined by Heggers and Robson (1986) as a zone of inhibition 

greater than the larger zone of inhibition o f either drug used independently. This 

was found to be true of all the antibiotics used, with or without silver in my 

studies. These workers also noted the synergisic effects against Pseudomonas 

aeruginosa for nitrofurazone and silver sulphadiazine combined in varying 

ratios. They also reported other synergistic effects against Klebsiella 

pnuemoniae with the combined effect of nitrofurazone and mafenide acetate and 

also against Escherichia coli with the combined effects o f nitrofurazone and 

gentamicin. Silver norfloxacin has also been reported to act effectively against 

Staphylococcus aureus and Candida albicans (Modak et al. 1984). In vivo 

experiments on rats infected with Pseudomonas aeruginosa have shown the 

combination of pipracil and silver sulphadiazine to be quite effective against
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Pseudomonas aeruginosa {yioàdk et a l 1985).

Results of a study showed silver norfloxacin cream to have a strong 

antibacterial effect in comparison to silver sulphadiazine cream which had a 

moderate effect on bum wounds on rat backs infected with Pseudomonas 

aeruginosa (Yang et a l 1994). In another study by Richards et a l (1991) 

subinhibitory concentrations of trimethhoprim and sulphonamide combinations 

(sulfadiazine, sulfamerazine and silver sulphadiazine) were found to be 

synergistic against two strains of Pseudomonas aeruginosa, Enterobacter 

cloacae and Staphylococcus aureus even though these bacteria were found to 

be resistant to either member of the combination. The antibacterial activity was 

attributed to a partial blockade of the folate synthetic pathway leading to an 

increase in cell permeability.

In my study, the Ps231 cells were either resistant or showed small zones of 

inhibition to most antibiotics tested on their own but were sterilised when 

incubated in presence of a combination of silver and the relevant antibiotic. It 

was observed that Ag-r cells plated out against nalidixic acid were found to be 

slightly sensitive to nalidixic acid exhibiting a zone size of <6mm. The Ps231 

cells were resistant to nalidixic acid. The Ag-r cells were also found to have a 

greater sensitivity to achromycin and neomycin.

Several mechanisms of resistance to antibiotics have been proposed and these 

include reduced cell wall permeability, production of extracellular chromosomal 

and plasmid mediated P-lactamases (Livermore 1989), aminoglycoside- 

modifying enzymes and cephalosporinases (Prince 1986), and an active
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multidrug efflux mechanism ( Li et a l 1994). Almost all strains of Pseudomonas 

aeruginosa express aminoglycoside modifying enzymes. These enzymes modify 

the aminoglycosides by acétylation, phosphorylation or adénylation. The 

increased sensitivity to kanamycin may be attributed to the possible presence of 

6-phosphotransferase and 3-phosphotransferase enzyme which is believed to be 

present in all strains of Pseudomonas aeruginosa (Shannon and Phillips 1982). 

Experiments were not carried out in this study to verify the presence of these 

enzymes in the Ag-r cells and it would have been interesting to see if there was 

any modification of these enzymes by silver and if  any changes allowed 

increase in silver uptake across the outer membrane in these cells. The internal 

concentration of silver in cells incubated in kanamycin and silver nitrate was 

high compared to the control Ag-r cells incubated in silver alone. Similarly, both 

3-acetyItransferase and 2 -adenyltransferase modify gentamicin and it would 

have been interesting to see how, if at all, silver modified these enzymes to 

increase the permeability of antibiotic and silver in these cells. However it must 

also be stressed that frequency of these enzymes in resistant clinical isolates is 

low and most non aminoglycoside resistance is probably non-enzymic (Williams 

et al. 1984).

The efflux mechanism in which the antibiotic is actively pumped from the 

bacterial cell has been widely implicated in the resistance of Pseudomonas 

aeruginosa to a range of agents including tetracycline, chloramphenicol, 

quinolones and p-lactams (Poole 1994). In this study a high internal 

concentration of silver is reached by the Ag-r cells when incubated ii^presence
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of the antibiotic thus leading to cell death. Each antibiotic in this study has its 

own mechanism of increasing cell permeability in synergism with silver. The 

effect of silver on these cells appeared to be more intent on increasing the 

permeability of these cells by possibly acting at the outer membrane level of 

these cells, and this effect was enhanced when the cells were cultured in -the, 

presence of both the antibiotics and the silver. When cells were incubated in TUe 

presence of silver alone, the amount of silver measured in the digested cells was 

less than the amount measured in cells cultured in,presence of silver and 

antibiotic (Table 9.2) suggesting that more silver appeared to enter the cells in 

presence of the antibiotic. When selected antibiotics were combined with silver 

and the NMR spectra analysed it was interesting to note that whilst silver 

sulphadiazine was found to bind to gentamicin, achromycin, possibly to 

penicillin G, methicillin, kanamycin and nalidixic acid, it did not bind to 

chloramphenicol although the Ag-r cells were sterilised completely when 

incubated in a combination of this antibiotic with silver. Silver nitrate did not 

appear to bind to chloramphenicol and nalidixic acid. However it did bind to 

kanamycin, methicillin, penicillin G, achromycin and gentamicin. This may 

account for the low levels of silver analysed in the digested cells of 

Pseudomonas aeruginosa cultured in silver with chloramphenicol and nalidixic 

acid (Table 9.1) or a possible efflux of antibiotic and or silver taking place. 

Studies on efflux pumps in Pseudomonas aeruginosa with a wide level of 

intrinsic resistance to tetracycline, chloramphenicol and norfloxacin have shown 

the efflux mechanisms to contribute towards the intrinsic resistance as well as
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the low permeability (Li el al. 1994). These researches also found the strains 

with elevated resistance overproduced two cytoplasmic membranes proteins of 

approximately 46 KDa (named MexC) and 100 Kda (named MexD) and one 

outer membrane protein of approximately 50 Kda (named Opr M) (Masuda and 

Ohya 1992).

Silver ions from the silver nitrate may bind to the antibiotics by bonding 

between the N-CH groups and the H-bond on the CH groups. In the case of both 

silver nitrate and silver sulphadiazine it is also possible that by hydrolysing the 

p-lactam ring at the cyclic amide bond, the silver binds onto the cyclic amide 

ring in the penicillin antibiotics, thus accounting for the high levels of silver 

content in the cell cultures. In my study silver has been shown to be present on 

the cell surface and found to be present in the cell wall (Chapter 5). Silver was 

also found to be associated with the outer membrane proteins of Ag-r cells 

(Chapters 8 and 9). In this chapter, the Ag-r cells have been shown to 

accumulate a lesser amount of silver (117.4±2.49ng/mg wet weight cells) than 

the parent cells (274.4±2.25 ng /mg wet weight cells), supporting the proposal 

that resistance of silver may be attributed to possible effluxing of silver ions by 

the Ag-r cells. The Ps231 cells were highly susceptible on exposure to high 

concentrations of silver. In Ag-r cells of Pseudomonas aeruginosa exposed to 

AgNOg, the resistance was believed to be maintained at the level of the 

cytoplasmic membrane (Richards 1981). The combined bactericidal action of 

silver and antibiotic may be attributed to an alteration in the structure of the 

antibiotic due to its binding to the silver ions which in turn may permeate the
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outer membrane either via active transport or by passage through the outer 

membrane porins and ultimately disrupting various processes of cell replication. 

Silver compounds have been reported to bind with deoxyribonucleic acid 

(DNA) of bacteria (Fox and Modak 1978). The silver displaces the hydrogen 

bonds between adjacent nitrogens of the purines, adenine or guanine and the 

pyrimidines, thymine and cytosine in the DNA molecule and is believed to 

prevent replication of DNA and subsequent cell division. Silver sensitive strains 

of Enterobacter cloacae. Staphylococcus aureus and Staphylococcus 

epidermidis exposed to silver sulphadiazine were found to have a reduced cell 

viability, swollen and elongated cells and irregular cell walls (Coward et a i 

1973).

Silver did not bind chloramphenicol, and yet high levels of silver were 

measured in the digested cells exposed to silver. The only explanation could be 

that silver may chelate with the outer membrane surface o f the cells and/or be 

chelated by the antibiotics and not really enter the cells but accumulate on the 

cell surface thus resulting in accumulation of large external amounts. 

Experiments by Kadurugamuwa et al. (1993) have shown that ionic binding of 

aminoglycosides to the outer membrane of Pseudomonas aeruginosa cell 

surfaces not only weakens the cell surface but is also important in cell death.

The initial step of uptake of aminoglycosides such as gentamicin involves the 

ionic binding of the molecule to the cell surface. It is this action that disrupts the 

packing order of the lipopolysaccharide of the outer membrane which ultimately 

forms holes in the cell envelope and can lead to cell lysis. It would have been
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useful to conduct studies on lipopolysaccharide leakage from the silver treated 

cells and compare the results with the parent cells. The combined action at cell 

surface level of gentamicin and silver may account for the high amounts of 

silver.

The same explanation could also be true for the other antibiotics except that 

silver was found to bind at several sites on the aminoglycosides, gentamicin and 

kanamycin and achromycin. Increase in uptake of silver may be due to 

chelation of the silver by the antibiotics or also due to the damage of cell 

membrane by the silver and/or the antibiotic.

The complete sterilisation of the cells in the presence of both the silver and the 

antibiotics could be due to the synergistic action of both these compounds. It 

could also be an escalation in the activity of the antibiotic by the silver by 

increasing the permeability of the outer membrane and allowing more antibiotic 

into the cell structure preventing protein synthesis. The high quantities of silver 

may inhibit enzymes necessary for antibiotic inactivation. These theories would 

need to be fully investigated involving extensive work extracting and analysing 

relevant activities of cellular enzymes. It would also be interesting to follow 

antibiotic uptake by these cells in combination with and without silver to deduce 

whether bactericidal action is due to more or less influx of either of these 

compounds and if there is any competitive binding to substrate sites by both 

these compounds.
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Chapter 10 

Conclusion

10.1 Discussion

Silver is being considered for the prevention of bacterial biofilms formation on 

orthopaedic implants. However, there has been evidence of resistance to silver 

arising in several bacterial species. One of the aims of this thesis was to 

understand the basis of mechanisms of resistance to silver in Pseudomonas 

aeruginosa. Silver interacted with Pseudomonas aeruginosa cells in several 

ways and the bacterial cells were able to adapt to and survive in high 

concentrations of silver.

The Ag-sensitive strain was serially subcultured in increasing concentrations of 

silver nitrate in nutrient broth and on solid medium against silver metal discs. It 

was observed that with each successive subculturing the zones to Ag metal discs 

on SAM plates with the appropriate amount of silver were reduced, indicative of 

an increase in resistance to silver. Also, only a small population of cells 

appeared to be capable of cell division on exposure to silver, indicative of a 

selection of genetic variants. Long lag phases and depressed exponential growth 

phases were observed to occur on exposure of the cells to silver in my study. 

Long lag phases are indicative of presence of inhibitors in the growth medium 

and have been observed in Escherichia coli (Mitra and Bernstein 1984), 

growing in^resence of cadmium. Silver, in my study, was found to decrease the 

number of viable cells after a long lag phase. Studies on silver resistant
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Enterobacter cloacae (Annear et at. 1976) revealed that silver resistance is 

expressed after acclimatization of the cells and only when silver ions are present 

in the medium. Similar observations were made in my study with the Ag-r 

Pseudomonas aeruginosa cultures which also showed slower growth rates in 

presence of silver.

A change in the morphology of the Ag-sensitive cells was observed during the 

transformation of these cells from being Ag-sensitive to Ag-resistant. The 

physical changes included silver sensitive cells becoming smaller in size on 

exposure to silver. The original rod shaped bacilli were reduced to 1-2pm in 

length from 1.5-3.0pm. The greeny-blue fluorescent colonies became 

increasingly darker at successive exposures to silver. These results were 

indicative of silver being accumulated by these cells. A Transmission electron 

microscopy and X-ray energy dispersive analysis showed that in Ag-r cells on 

the cell surface were present electron dense particles composed of silver, 

chlorine and sulphur.

The presence of silver in combination with sulphur and chlorine may be 

indicative of silver binding with the outer cell membrane proteins. The outer 

membrane proteins of Ag-r cells were extracted and separated using SDS-PAGE 

electrophoresis. This revealed changes in the conformation of the major outer 

membrane proteins of Ag-r cells cultured in vaiying concentrations of silver 

with silver being bound by all of these proteins. Several silver binding proteins 

were produced by Ag-r cells with molecular weights of less than 25,000. Gel 

filtrations studies showed that the production of low molecular proteins was
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initiated in Ag-r cells during the extended lag phase of growth. Proteins with 

molecular weights ranging from 7000 Da and higher molecular weight proteins 

were produced by these cells during the elongated exponential phase of growth. 

A silver binding protein designated protein 1 with a molecular weight of 7400 

Da was produced by the Ag-r cells on exposure to silver. Proteins of varying 

molecular weights were produced by Ag-r cells according to the bacterial 

growth phase. All outer membrane proteins bound silver. A range of amino 

acids were observed to be present in the pooled LMW proteins sample. Sites for 

silver binding may possibly be located on cysteine, methionein, lysine, leucine, 

isoleucine, valine, alanine, serine, phenylalanine, tryptophane, threonine and 

glutamic acid. Due to the presence of aromatic amino acids the silver binding 

protein 1 was not classified as a typical metallothionein. Metal binding proteins 

which have been extracted from microorganisms include a copper binding 

metallothionein isolated from the fungus, Neurospora crassa (Lerch 1980) and 

from the yeast, Saccharomyces cerevisiae with a molecular weight of 10,000 Da 

(Naiki and Yamagata 1976). Cadmium exposed cells of blue green algae, 

Synochococcus species were shown to have a lag phase o f 6 days and onset of 

growth in the presence of cadmium resulted in increased production of cadmium 

and zinc metallothioneins while control cells were reported to show no changes 

at all (Olafson et al. 1979). Cadmium binding proteins have been isolated from 

Amoeba proteus with a molecular weight of >45,000 and 12,000 (Al-Atia 

1980), from Pseudomonas putida with a molecular weight o f6700, 6900 and 

3600 (Higham et at. 1984) and from Escherichia coli with a molecular weight
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of 39,000 Da (Mitra and Bernstein 1984). A small protein with a molecular 

weight of <5KDa was produced on exposure of the yeast Kluveromyces 

marxianus to silver and cadmium. In Saccharomyces cerevisiae this low 

molecular weight protein was induced on exposure to silver alone (Yazgan et 

al 1993). The amino acid content of this low molecular weight protein as yet 

remains to be characterised. Protein fractions detected in Escherichia coli R1 

cells grown in 0.5mM AgNO) showed the fraction with a protein of molecular 

weight of 1450 was reduced greatly and proteins with molecular weights of from

17,000 to 10,000 were absent or barely detectable in E.coli Ag-sensitive cells 

grown in 0. ImM AgNO) (Starodub et al. 1990). Synthesis of increased 

production in the outer membrane proteins in presence of heavy metal ions has 

been reported to occur in strains o f Pseudomonas aeruginosa, Escherichia coli 

and Vibrio cholerae isolated from coastal waters (Choudary et a l 1996). In my 

study silver appears to be indiscriminately bound to a large number of proteins 

and a metallothionein type of protein cannot be identified.

It was also found in my study that although both Ag-r and Ag-sensitive cells, 

Ps231, produced glycocalyx, the amount of glycocalyx produced per cell by the 

Ag-r cells was dependant upon the concentration of silver in which the cells 

were cultured and also how well adapted these cells were to silver. For example, 

cells cultured at a low concentration of silver produced more glycocalyx per cell 

than the control or Ag- sensitive cell. On exposure of these already adapted cells 

to a higher concentration of silver, it was found that the production of 

glycocalyx per cell increased slightly. The presence of silver in the form of
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electron dense particles was evident in the glycocalyx as shown by energy 

dispersive X-ray analysis of polysaccharide extracted from cultures of Ag- 

resistant cells. Gel filtration studies of the polysaccharide samples showed 

elution of 4 exopolysaccharides of molecular weights ranging from 12,800 to

870,000 Daltons. The crude glycocalyx was also found to consist of protein, 

glucose, uronic acid, and ! 2-keto-3-deoxyoctosulonic acid (KDO). Also a 

high concentration of silver was found to be associated with the extracellular 

polysaccharides produced by the cells. It was observed using Scanning electron 

microscopy that cells grown on silver pellets produced large quantities of 

glycocalyx. Glycocalyx may effectively reduce the exposure of cells to silver 

providing protection to the bacteria by entrapment of these harmful ions. 

Certainly extracellular polymers have been shown to complex and concentrate 

metal ions when extracted from bacterial cultures (Dugan et al. 1978).

Another mechanism of silver resistance that was identified included active 

efflux of silver ions by the Ag-r Pseudomonas aeruginosa cells. In all the 

cultures in my study the result of treating the cells with the uncoupling agent, 

FCCP was a high increase in the accumulation of silver by the Ag-r cells. This 

was also observed for the Ps23I cells although the cells died due to poisoning 

effects of silver and FCCP. The de-energisation of cells on treatment with FCCP 

increased the levels of silver in both Ag-r and the parent strain Ps231 indicative 

of an efflux activity in these cells. That the Ag-r cells accumulated low levels of 

silver up to 7 hours of growth which then increased drastically on addition of 

FCCP to these cultures, is also indicative of an already operational efflux pump
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in these cells and not only functional on eventual saturation of cells by silver 

which would have then resulted in lysis and untimely death of these cells.

Li el al. (1997) have found that in their cultures of Ag-r Escherichia coli the de

energisation of cells by CCCP resulted in an increase in the accumulation of 

silver in these cells. These researchers also added glucose to their cultures as an 

energy source in starved cells which activated the efflux process suggestive of 

efflux activity. They also observed that the differences in accumulation levels in 

susceptible and resistant strains became smaller as the external concentration of 

silver was increased. This was also observed in my study in which the 

accumulation of silver by Ag-r cells at 100 and lOOOpg/ml silver was lower than 

that of cells cultured in low concentrations of silver. My result was in agreement 

with the proposal by Li et al. (1997), that the influx of silver may overwhelm 

the efflux of silver and the silver efflux system becomes saturated at high 

external concentration of this metal ion. Li et a i (1997) also found that their 5 

strains of Ag-r mutants of Escherichia coli were deficient in major outer 

membrane porins, OmpF and /or OmpC. In my study the gradual loss of 

production and a decrease in production of major outer membrane proteins was 

observed as the external concentration of silver was increased. However a 

decrease in the outer membrane permeability in Ag-resistant strains may be but 

one o f the few mechanisms of resistance.

It was interesting to observe that although the Ag-r cells were resistant to 

extremely high concentrations of silver the synergistic action of many antibiotics 

with silver was highly effective in ‘sterilisation’ of the Ag-r cells. Several
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possible mechanisms of how this is achieved are discussed in Chapter 9. 

However it is highly possible that both the silver and the synergistic ‘partner’ 

antibiotic act together in increasing the bacterial cell membrane permeability. 

Several antibiotics are used synergistically with many metal ions to eradicate 

resistant bacterial species (Chapter 9) and it has been observed from the 

synergistic NMR studies in my thesis that there are several combinations of 

silver with antibiotics with possible binding sites for the silver ion onto the 

antibiotic molecule, that are effective in sterilising my laboratory-derived 

highly resistant bacterial strain.

Li et al. (1997) have suggested an active efflux system of Ag^in wild type 

strains of Pseudomonas aeruginosa which is independent of the known 

multidrug resistance (MDR) efflux pumps of Pseudomonas aeruginosa. In my 

study the data indicates that an efflux process for the Ag-r cells of Pseudomonas 

aeruginosa exists and that the plasmid identified in Chapter 3 could be 

responsible for this process. In Ag-r cells, resistance to silver is achieved 

( amongst other mechanisms) at very high external concentrations of silver by 

possible active efflux of silver ions. In my study silver was found to bind to a 

range of outer membrane proteins in high amounts. Presence of low molecular 

weight silver binding proteins and active efflux o f silver ions may also be 

contributing factors to silver resistance. Matsui et al. (1997) have sequenced 

genes from the Ag-r plasmid pMGlOl from Escherichia coli coding for silver 

resistance and Gupta et al. (1999) have proposed a molecular basis silver 

resistance in this isolate of Salmonella species from a bums unit. This bacteria
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been found to consist of RNAs encoding for resistance to silver via the 

production of a periplasmic silver specific binding protein and also by two 

parallel efflux pumps. It would have been interesting to study the Ag-r 

Pseudomonas aeruginosa in my study at the molecular level in order to 

elucidate the functions of the plasmid further by gene sequencing studies. The 

other aim of the thesis was to elucidate the action of silver ions on the silver 

sensitive cells of Pseudomonas aeruginosa. It was observed in Chapters 4 and 5 

that the silver sensitive cells died on exposure to silver at the lowest 

concentration of 0.2/^g/ml silver. Silver was found to cause "blebbing’ of the cell 

wall in the silver sensitive cells of Pseudomonas aeruginosa. This was observed 

to result in the thinning of the trilaminar membrane structure reducing its 

thickness from a ‘normal’ 0.03yum to O.Ol/^m. Disruption of the cell wall and 

shrinkage of the cell cytoplasm also occurred in silver sensitive. The silver 

sensitive cells did not survive long enough to experience a real’ exponential 

phase of growth and the action of silver ions in the silver sensitive cells of 

Pseudomonas aeruginosa is believed to be effected at the cell membrane level.

10.2 Summary

Induced resistance in this clinical isolate appeared to occur in conjunction with 

a variety of mechanisms all directed to exclude silver from entering the cell 

(Figure 10.1). This was shown to occur by the presence of electron dense silver 

rich particles present on the cell surface of many resistant cells. The presence of 

these particles was also shown in the extracellular glycocalyx matrix produced 

by these cells. That a high amount of silver was found to be associated with the
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extracellular polysaccharide was also shown in my study indicating the 

entrapment of silver ions within the glycocalyx matrix, thereby preventing a 

toxic level of silver ions from reaching the cells. On reaching the cells, the silver 

ions were found to be immobilised at the outer cell membrane level by possibly 

bonding to the sulphur ions present in the protein conformation. Resistance in 

this isolate is in part attributable to production of low molecular weight Ag- 

binding proteins as well as active efflux of silver ions. The plasmid present may 

be responsible for encoding silver resistance. Whilst the action of the silver ion 

is effected at the cell membrane level in silver sensitive cells of Pseudomonas 

aeruginosa, several mechanisms appear to determine the resistance to silver in 

the Pseudomonas aeruginosa strain in my study.

Reports of efflux of silver ions as a mechanism o f resistance has been 

documented in Pseudomonas aeruginosa (Li et al. 1997). My work has 

demonstrated that silver resistant cells accumulated less silver than sensitive 

cells. An uncoupling agent FCCP, increased the internal concentration of silver 

in the resistant cells indicating the presence of an efflux mechanism.

This study has shown that the production of outer membrane proteins changed 

when cells became resistant to silver. Silver was associated with many of the 

outer membrane proteins. To date there have been no reports on silver binding 

proteins isolated or characterised from Pseudomonas aeruginosa. A  LMW 

silver binding protein was extracted and analysed. However this was not a 

typical metallothionein due to the presence of aromatic amino acids in this 

study.
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Extracellular polysaccharides were shown to bind silver. Transmission electron 

microscopy showed electron dense silver particles bound to the cell surface and 

present within the cell membrane in silver resistant cells.

My study showed that the presence of the unstable plasmid was responsible for 

encoding silver resistance. Future genetic analysis of the silver resistant plasmid 

would also provide useful information about its particular role in mechanisms of 

resistance to silver.

This silver resistant strain was found to be intrinsically resistant to a wide range 

of antibiotics, many of which are believed to be effluxed out by MDR efflux 

pumps. The combined use of silver with antibiotics was shown to have a 

synergistic effect on silver resistant cells of Pseudomonas aeruginosa in this 

study. It would appear in the resistant strain that the efflux mechanism of silver 

/or antibiotics is disrupted by their combined use. This may hold a promising 

topical application of synergistic use of silver with an extremely wide range of 

antibiotics in virulent clinical isolates o f many bacterial species and not just 

Pseudomonas aeruginosa.
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APPENDICES

Appendix Al: Constituents of Nutrient agar: 
Peptone 5g/l 
Beef extract 3g/l 
NaCl 8g/l 
Agar 12g/I

Appendix A2: Constituents of CLED medium: 
Bacteriological peptone 4g/l 
Beef extract 3g/l 
Trytone 4g/l 
Lactose lOg/1 
Cystine 0.128g/l
Bromothymol blue indicator 0.02g/l 
Agar 15g/l

Appendix A3: Constituents of Nutrient Broth:
Beef extract lOg/1 
Peptone lOg/1 
NaCl 5g/l
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Appendix A4;
Growth Curves Data

Sub No. 
Ln of 
viable cell 
count/ml->

I sem sd 2 sem sd 3 sem sd 4 sem sd 5 sem sd control sem sd

hours i

0 7.24 0.011 0.03 7.2 0.011 0.03 7.22 0.051 0.115 7.26 0.022 0.049 7.18 0.018 0.04 7.04 0.022 0.049

1 4.52 0.101 0.045 5.28 0.015 0.035 5.16 0.066 0.148 6.36 0.022 0.049 6.38 0.018 0.04 7.26 0.018 0.04

3 3.66 0.172 0.076 4.76 0.013 0.027 4.86 0.024 0.055 6.14 0.022 0.049 6.22 0.018 0.04 7.78 0.022 0.049

5 3.26 0.044 0.019 4.88 0.013 0.027 5.04 0.117 0.052 6.16 0.018 0.04 6.16 0.018 0.04 8.16 0.018 0.049

7 2.76 0.049 0.023 4.55 0.02 0.044 5.24 0.011 0.024 6.64 0.022 0.049 6.38 0.022 0.049 10.22 0.059 0.133

9 2.2 0.071 0.032 4.74 0.012 0.027 5.76 0.018 0.04 6.04 0.022 0.049 6.64 0.022 0.049 12.18 0.018 0.04

11 1.64 0.089 0.039 4.46 0.021 0.045 5.58 0.018 0.04 6.26 0.022 0.049 6.56 0.022 0.049 15.06 0.036 0.08

13 0.86 0.044 0.019 4.44 0.039 0.083 5.76 0.018 0.04 6.04 0.022 0.049 6.64 0.022 0.049 18.16 0.022 0.08

15 4.08 0.022 0.049 4.34 0.008 0.02 3.86 0.022 0.049 6.76 0.022 0.049 20.84 0.022 0.049

20 1.32 0.113 0.13 2.44 0.018 0.04 3.82 0.022 0.049 7.04 0.022 0.049 28.16 0.022 0.049

25 0.26 0.018 0.04 1.04 0.022 0.049 6.76 0.022 0.049 33.04 0.022 0.049

30 5.58 0.018 0.04 34.38 0.022 0.04

35 3.86 0.022 0.049 31.36 0.022 0.049

40 2.16 0.022 0.049 24.18 0.022 0.04

48 0.56 0.022 0.049 12.46 0.022 0.049

sem; standard error of mean of 5 samples of bacterial ceil counts 
sd; standard deviation of 5 samples of bacterial cell counts
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Appendix A5;
Growth Curves Data

Sub No. 
Ln of 
viable 
cell
count/ml

1 sem sd 2 sem sd 3 sem sd 4 sem sd control sem sd

hours 1

0 5.06 0.022 0.049 5.24 0.022 0.049 6.18 0.034 0.075 7.4 0.28 0.0063 7.04 0.022 0.049

1 2.26 0.022 0.049 3.64 0.022 0.049 4.6 0.028 0.063 7.56 0.028 0.049 7.26 0.018 0.04

3 1.66 0.022 0.049 3.36 0.022 0.049 4.34 0.022 0.049 7.24 0.028 0.049 7.78 0.022 0.049

5 1.48 0.018 0.04 3.48 0.022 0.04 4.5 0.049 O il 8.56 0.028 0.063 8.16 0.022 0.049

7 1.28 0.018 0.04 3.52 0.022 0.04 4.66 0.036 0.08 12.56 0.028 0.049 10.22 0.059 0.133

9 1.36 0.018 0.04 3.64 0.022 0.049 4.66 0.036 0.08 16.38 0.028 0.04 12.18 0.018 0.04

11 1.48 0.018 0.04 3.82 0.022 0.049 4.64 0.022 0.049 20.64 0.028 0.049 15.06 0.036 0.08

13 1.74 0.195 0.436 4.04 0.022 0.04 4.56 0.022 0.049 23.34 0.036 0.08 18.16 0.022 0.049

15 1.46 0.046 0.102 3.36 0.022 0.049 5.4 0.028 0.063 26.18 0.036 0.04 20.84 0.022 0.049

20 2.16 0.022 0.049 5.18 0.018 0.04 30.28 0.036 0.04 28.16 0.022 0.049

25 0.42 0.022 0.049 4.22 0.034 0.075 29.14 0.036 0.049 33.04 0.022 0.04

30 3.04 0.034 0.075 28.18 0.036 0.04 34.38 0.022 0.049

35 3.04 0.034 0.075 23.16 0.036 0.049 31.36 0.022 0.04

40 1.56 0.034 0.049 18.66 0.036 0.049 24.18 0.022 0.04

48 0.56 0.034 0.049 10.44 0.036 0.049 12.46 0.022 0.049

sem; standard error of mean of 5 samples of bacterial cell counts; sd; standard deviation of 5 samples of bacterial cell counts
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Appendix A6:
Growth Curves Data

Sub No.
Ln of viable 
cell
count/ml-

1 sem sd 2 sem sd 3 sem sd control sem sd

hours 1

0 5.14 0.022 0.049 5.16 0.022 0.049 7.04 0.022 0.049 7.04 0.022 0.049

1 3.14 0.022 0.049 3.84 0.002 0.049 5.16 0.022 0.049 7.26 0.018 0.04

3 2.54 0.036 0.08 3.64 0.022 0.049 5.04 0.022 0.049 7.78 0.022 0.049

5 2.58 0.022 0.04 3.56 0.022 0.049 5.36 0.022 0.049 8.16 0.022 0.049

7 2.66 0.022 0.049 3.76 0.022 0.049 5.56 0.022 0.049 10.22 0.059 0.133

9 2.66 0.036 0.08 4.3 0.04 0.089 6.26 0.022 0.049 12.18 0.018 0.04

11 2.36 0.018 0.04 4.34 0.036 0.08 7.36 0.022 0.049 15.06 0.036 0.08

13 2.18 0.018 0.04 4.56 0.022 0.049 8.56 0.022 0.049 18.16 0.022 0.049

15 1.66 0.022 0.049 4.86 0.022 0.049 10.04 0.022 0.049 20.84 0.022 0.049

20 0.66 0.022 0.049 5.16 0.022 0.049 13.86 0.022 0.049 28.16 0.022 0.049

25 5.04 0.022 0.049 14.56 0.022 0.049 33.04 0.018 0.04

30 5.00 0.028 0.063 12.34 0.022 0.049 34.38 0.022 0.049

35 2.74 0.036 0.08 9.76 0.022 0.049 31.36 0.018 0.04

40 2.16 0.036 0.08 6.56 0.022 0.049 24.18 0.018 0.04

48 1.52 0.034 0.075 3.56 0.022 0.049 12.46 0.022 0.049

sem: standard error of mean of 5 samples of bacterial cell counts
sd; standard deviation of 5 samples of bacterial cell counts
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Appendix A7:
Growth Curves Data

in nutrient brot
Sub No. 
Lnof 
viable cell 
count/ml-*

1 sem sd 2 sem sd 3 sem sd 4 sem sd 5 sem sd control sem sd

hours 1 5.16 0.022 0.049 5.24 0.022 0.049 5.36 0.022 0.049 7.06 0.022 0.049 7.2 0.08 0.063 6.24 0.022 0.049

0 3.24 0.022 0.049 3.66 0.022 0.049 4.64 0.022 0.049 6.26 0.036 0.08 6.76 0.022 0.049 8.26 0.022 0.049

1 2.36 0.022 0.049 3.1 0.069 0.155 4.74 0.022 0.049 6.76 0.022 0.049 7.04 0.022 0.049 9.54 0.022 0.049

3 2.16 0.022 0.049 2.58 0.022 0.04 4.78 0.022 0.04 7.76 0.022 0.049 8.76 0.022 0.049 11.26 0.022 0.049

5 2.16 0.022 0.049 2.64 0.022 0.049 5.24 0.022 0.049 8.86 0.022 0.049 11.86 0.022 0.049 13.24 0.022 0.049

7 2.04 0.022 0.089 3.02 0.022 0.04 5.46 0.022 0.049 10.36 0.022 0.049 12.64 0.022 0.049 15.34 0.022 0.049

9 2.02 0.022 0.04 2.86 0.022 0.049 5.22 0.022 0.04 11.76 0.022 0.049 16.56 0.022 0.049 17.86 0.022 0.049

11 2.00 0.022 0.04 3.18 0.034 0,075 6.34 0.022 0.04 13.16 0.022 0.049 19.44 0.022 0.049 20.36 0.022 0.049

13 2.00 0.022 0.00 3.32 0.034 0.075 6.4 0.028 0.049 14.76 0.022 0.049 20.88 0.022 0.049 22.16 0.022 0.049

15 1.68 0.022 0.00 2.04 0.022 0.0049 6.14 0.028 0.063 17.36 0.022 0.049 23.56 0.022 0.049 30.16 0.022 0.049

20 0.18 0.022 0.04 3.14 0.022 0.049 5.24 0.028 0.049 18.36 0.022 0.049 26.76 0.022 0.049 35.1 0.028 0.063

25 2.04 0.022 0.049 3.74 0.036 0.049 16.24 0.022 0.049 20.86 0.022 0.049 36.16 0.02 0.04

30 0.36 0.022 0.049 2.22 0.036 0.08 12.76 0.022 0.049 19.14 0.022 0.049 35.86 0.02 0.04

35 1.54 0.036 0.04 9.84 0.022 0.049 16.16 0.022 0.049 19.00 0.02 0.04

40 0.44 0.036 0.08 7.86 0.022 0.049 13.04 0.022 0.049 12.00 0.02 0.04

48
sem: standard error of mean of 5 samples of bacterial cell counts
sd: standard deviation of 5 samples of bacterial cell counts
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Appendix A8:
Growth Curves Datà.Pseudomonas aeruginosa cells at lOpg/ml Ac in nutrient broth

Sub No.
Ln of viable 
cell count/ml-

1 sem sd 2 sem sd 3 sd control sem sd

hoursl

0 7.18 0.018 0.04 7.34 0.035 0.08 7.4 0.028 0.063 6.24 0.022 0.049

1 5.66 0.022 0.049 7.04 0.022 0.049 7.26 0.035 0.08 8.26 0.022 0.049

3 4.86 0.022 0.049 7.16 0.022 0.049 7.46 0.018 0.04 9.54 0.022 0.049

5 4.46 0.022 0.049 7.46 0.022 0.049 8.18 0.018 0.04 11.26 0.022 0.049

7 4.36 0.018 0.04 7.74 0.022 0.049 9.18 0.018 0.04 13.24 0.022 0.049

9 4.26 0.018 0.04 9.3 0.028 0.049 10.46 0.022 0.049 15.34 0.022 0.049

11 4.56 0.022 0.049 10.3 0.028 0.063 12.06 0.022 0.049 17.86 0.022 0.049

13 5.24 0.022 0.049 11.36 0.028 0.063 13.76 0.022 0.049 20.36 0.022 0.049

15 5.56 0.022 0.049 13.66 0.028 0.063 15.86 0.022 0.049 22.16 0.022 0.049

20 6.06 0.018 0.04 15.3 0.028 0.000 17.04 0.022 0.049 30.16 0.028 0.063

25 5.66 0.018 0.04 15.74 0.028 0.049 18.46 0.022 0.049 35.1 0.022 0.049

30 4.24 0.018 0.04 15.34 0.022 0.049 18.1 0.022 0.049 36.16 0.022 0.049

35 1.64 0.018 0.04 13.46 0.022 0.049 17.1 0.028 0.063 35.86 0.022 0.049

40 8.04 0.022 0.049 16.08 0..034 0.075 34.86 0.022 0.049

48 3.26 0.022 0.049 15.34 0..035 0.08 29.84 0.022 0.049

60 15.08 0.034 0.075

70 12.86 0.022 0.049

80 10.4 0.034 0.075

90 8.42 0.034 0.075
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Appendix A9:
Ag in nutrient broth

Sub No. 
Ln of 
viable cell 
count/ml -

1 sem sd 2 sem sd 3 sem sd 4 sem sd control sem sd

hours 1

0 6.76 0.022 0.049 6.78 0.018 0.04 7.24 0.022 0.049 7.16 0.022 0.049 5.86 0.034 0.08

1 4.04 0.022 0.049 5.16 0.022 0.049 5.64 0.022 0.049 6.26 0.022 0.049 7.56 0.034 0.08

3 1.44 0.022 0.049 2.86 0.022 0.049 4.14 0.022 0.049 5.86 0.022 0.049 9.28 0.034 0.08

5 0.46 0.022 0.049 1.76 0.022 0.049 2.84 0.022 0.049 5.62 0.052 0.117 13.64 0.034 0.08

7 1.26 0.022 0.049 2.46 0.035 0.08 5.86 0.022 0.049 16.46 0.022 0.049

9 1.36 0.022 0.049 2.36 0.054 0.12 6.04 0.022 0.049 19.18 0.022 0.049

11 1.56 0.022 0.049 2.84 0.046 0.102 7.36 0.022 0.049 21.76 0.022 0.049

13 1.24 0.022 0.049 3.02 0.034 0.075 10.78 0.022 0.049 24.26 0.034 0.08

15 0.56 0.022 0.049 3.16 0.022 0.049 14.08 0.034 0.075 26.28 0.022 0.049

20 0.24 0.022 0.049 3.18 0.034 0.075 15.2 0.028 0.063 29.36 0.022 0.049

25 7.36 0.022 0.049 15.74 0.035 0.08 29.24 0.022 0.049

30 7.16 0.022 0.049 13.4 0.028 0.063 29.26 0.034 0.08

35 5.66 0.022 0.049 12.56 0.034 0.08 28.58 0.034 0.08

40 3.82 0.022 0.049 9.44 0.022 0.049 25.58 0.034 0.08

48 0.56 0.022 0.049 4.44 0.022 0.049 20.36 0.022 0.049

setn: standard error of mean of 5 samples of bacterial cell counts;
sd: standard deviation of 5 samples of bacterial cell counts
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Appendix AlO:
Growth Curves DdX'à'.Pseudomonas aeruginosa cells at 50pg/ml Ag in nutrient broth

Sub No. 
Ln of 
viable cell 
count/ml-

1 sem sd 2 sem sd 3 sem sd 4 sem sd control sem sd

hours 1

0 6.76 0.022 0.049 6.76 0.018 0.04 7.04 0.022 0.049 7.16 0.022 0.049 6.24 0.022 0.049

1 3.00 0.022 0.049 4.44 0.018 0.04 5.76 0.022 0.049 6.48 0.043 0.098 8.26 0.022 0.049

3 0.56 0.022 0.049 1.66 0.018 0.04 2.36 0.022 0.049 6.62 0.018 0.04 9.54 0.022 0.049

5 0.56 0.018 0.04 1.16 0.022 0.049 6.76 0.028 0.049 11.26 0.022 0.049

7 0.36 0.018 0.04 1.36 0.022 0.049 7.04 0.028 0.049 13.24 0.022 0.049

9 0.4 0.000 0.000 1.56 0.022 0.049 7.36 0.028 0.049 15.34 0.022 0.049

11 0.8 0.029 0.063 1.76 0.022 0.049 7.74 0.036 0.08 17.86 0.022 0.049

13 1.04 0.022 0.049 2.16 0.022 0.049 8.06 0.022 0.049 20.36 0.022 0.049

15 1.18 0.018 0.04 2.76 0.022 0.049 8.14 0.022 0.049 22.16 0.022 0.049

20 1.76 0.022 0.049 5.16 0.022 0.049 9.36 0.036 0.08 30.16 0.022 0.049

25 2.36 0.022 0.049 4.74 0.034 0.08 9.58 0.018 0.04 35.1 0.028 0.063

30 1.56 0.022 0.049 4.62 0.018 0.04 10.8 0.028 0.063 36.16 0.022 0.049

35 0.76 0.022 0.049 3.16 0.022 0.049 13.2 0.028 0.075 35.86 0.022 0.049

40 1.54 0.022 0.049 14.28 0.034 0.049 34.86 0.022 0.049

48 0.50 0.029 0.063 13.76 0.022 0.162 19.84 0.022 0.049

60 7.34 0.072 0.126

70 1.7 0.05 0.049
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Appendix Al 1:
Growth Curves Data

100|ig/ml Ag in nutrient broth
Sub No.
Ln of viable 
cell count/ml

1 sem sd 2 sem sd 3 sem sd control sem sd

hours 1

0 7.24 0.022 0.049 7.16 0.022 0.049 7.16 0.022 0.049 7.34 0.034 0.08

1 3.42 0.034 0.075 5.16 0.22 0.049 6.56 0.022 0.049 7.66 0.022 0.049

3 0.68 0.034 0.075 4.18 0.018 0.04 6.24 0.022 0.049 8.36 0.022 0.049

5 0.56 0.022 0.049 3.78 0.044 0.098 6.36 0.022 0.049 9.86 0.022 0.049

7 1.04 0.022 0.049 3.58 0.018 0.04 6.3 0.109 0.245 13.76 0.022 0.049

9 1.76 0.022 0.049 4.04 0.022 0.049 6.76 0.022 0.049 16.04 0.022 0.049

II 2.16 0.022 0.049 4.56 0.022 0.049 7.16 0.022 0.049 18.16 0.022 0.049

13 2.04 0.022 0.049 5.04 0.022 0.049 7.62 0.121 0.271 20.36 0.022 0.049

15 1.76 0.022 0.049 5.56 0.022 0.049 8.68 0.034 0.075 22.48 0.022 0.049

20 1.44 0.022 0.049 6.36 0.022 0.049 9.78 0.018 0.04 25.38 0.052 0.117

25 1.04 0.022 0.049 7.06 0.036 0.08 10.22 0.052 0.117 30.34 0.034 0.075

30 0.56 0.022 0.049 6.74 0.036 0.08 11.38 0.034 0.075 32.56 0.054 0.12

35 4.76 0.022 0.049 11.56 0.022 0.049 33.68 0.022 0.049

40 3.02 0.018 0.04 12.08 0.034 0.075 28.00 0.052 0.117

48 1.04 0.022 0.049 12.4 0.028 0.063 19.2 0.022 0.049

60 8.6 0.028 0.063 19.00 0.022 0.049

70 4.62 0.034 0.075 12.00 0.022 0.049

80 1.7 0.049 O il 9.00 0.022 0.049

90 1.04 0.022 0.049 5.00 0.022 0.049

411



Appendix A l2:
Growth Curves Data

500pg/ml Ag in nutrient broth
Sub No.
Ln of viable 
cell count/m!-

1 sem sd 2 sem sd 3 sem sd control sem sd

hours 1

0 7.1 0.04 0.089 7.16 0.022 0.049 7.16 0.022 0.049 7.46 0.022 0.049

1 4.26 0.022 0.049 5.24 0.022 0.049 5.56 0.022 0.049 7.68 0.015 0.08

3 3.24 0.022 0.049 4.16 0.022 0.049 5.14 0.022 0.049 8.36 0.015 0.08

5 2.84 0.022 0.049 3.76 0.022 0.049 5.00 0.028 0.063 9.74 0.015 0.08

7 2.56 0.022 0.049 3.54 0.022 0.049 5.12 .018 0.04 13.76 0.015 0.08

9 2.94 0.022 0.049 3.76 0.022 0.049 5.36 0.018 0.04 16.06 0.015 0.08

11 3.00 0.034 0.075 3.86 0.022 0.049 5.66 0.018 0.04 18.24 0.015 0.08

13 3.28 0.015 0.08 4.04 0.022 0.049 6.16 0.018 0.04 20.36 0.015 0.08

15 3.06 0.00 0.00 4.16 0.022 0.049 6.56 0.018 0.04 22.38 0.018 0.04

20 3.6 0.022 0.049 4.76 0.022 0.049 7.18 0.018 0.04 25.52 0.034 0.075

25 3.76 0.034 0.075 5.26 0.022 0.049 7.36 0.018 0.04 30.58 0.052 0.117

30 3.28 0.022 0.049 6.06 0.022 0.049 7.16 0.018 0.04 32.58 0.018 0.04

35 2.36 0.022 0.049 5.24 0.022 0.049 7.3 0.049 O il 35.66 0.018 0.04

40 1.56 0.022 0.049 4.24 0.034 0.08 7.06 0.049 O il 33.16 0.022 0.049

48 0.54 0.022 0.049 1.78 0.018 0.04 5.36 0.049 0.11 19.4 0.00 0.00

60 0.46 0.082 0.185 3.26 0.054 0.12

70 2.02 0.018 0.04

80 0.52 0.052 0.117

90
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Appendix A l3:

Sub No.
Ln of viable 
cell count/ml •

1 sd 2 sem sd 3 sem sd control sem sd

hours I

0 7.14 0.022 0.049 736 0.022 0.049 7.16 0.022 0.049 7.46 0.022 0.049

1 4.04 0.022 0.049 4.2 0.022 0.049 4.36 0.022 0.049 7.68 0.036 0.08

3 2.56 0.022 0.049 3.56 0.022 0.049 3.76 0.022 0.049 8.36 0.022 0.049

5 2.76 0.022 0.049 3.36 0.022 0.049 3.36 0.022 0.049 9.74 0.022 0.049

7 2.94 0.022 0.049 3.74 0.036 0.08 3.86 0.036 0.049 13.76 0.022 0.049

9 3.16 0.022 0.049 4.16 0.022 0.049 4.36 0.022 0.049 16.06 0.022 0.049

11 3.66 0.022 0.049 4.36 0.022 0.049 4.76 0.022 0.049 18.24 0.022 0.049

13 3.76 0.022 0.049 4.56 0.022 0.049 5.36 0.022 0.049 20.36 0.022 0.049

15 3.64 .0.22 0.049 4.76 0.022 0.049 5.76 0.022 0.049 22.38 0.018 0.04

20 4.06 0.022 0.049 5.16 0.022 0.049 6.04 0.022 0.049 25.53 0.034 0.075

25 3.76 0.022 0.049 5.36 0.022 0.049 6.16 0.022 0.049 30.38 0.052 0.117

30 3.24 0.022 0.049 5.14 0.022 0.049 6.24 0.036 0.08 32.58 0.018 0.04

35 2.88 0.034 0.075 4.76 0.022 0.049 6.16 0.022 0.049 35.66 0.022 0.049

40 1.18 0.034 0.075 4.16 0.022 0.049 6.16 0.00 0.00 33.16 0.022 0.049

48 0.56 0.034 0.075 2.76 0.022 0.049 6.2 0.018 0.04 30.4 0.00 0.00

60 0.54 0.022 0.049 6.02 0.022 0.049 19.28 0.022 0.049

70 6.34 0.022 0.049

80 6.16 0.022 0.049

90 4.76 0.022 0.049
sem standard error of mean of 5 samples of bacterial cell counts; sd: standard deviation of S samples of bacterial cell counts
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APPENDIX AM:
Table 6.6. Protein and KDOAssay

culture type [protein] 
(Ug/mg cells 
(wet weight)

x iS E M [protein] 
/yg/mg cells 
(wet weight)

X ± SEM KDO
absorbance at 
548nm

x±SEM KDO
absorbance at 
548nm

x±SEM

inner
membrane

outer
membrane

inner
membrane

outer
membrane

control 60; 62; 64 62 ± 0.94 56; 54; 56 55.3 ±0.54 0.21; 0.26; 0.23 0.23 ±0.01 0.42; 0.44; 
0.46

0.44 ± 0.009

control exposed to 0.2pg/ml 
Ag

40;35;38 37.7 ± 1.18 45; 46; 46 45.6 ±0.27 <0.1; <0.1; 
<0.1

0.00 0.6; 0.65; 0.71 0.65 ± 0.025

Ag-r cells at 10 pg/ml Ag 60; 62; 64 62 ± 0.94 52; 51; 53 552 ±0.47 0.1; 0.085; 0.1 0.095 ± 0.004 0.65; 0.71; 
0.73

0.69 ±0.019

Ag-r cells at 100 pg/ml Ag 60; 58; 61 59.6 ± 0.72 51; 52; 50 51 ±0.47 0.1; 0.091; 0.12 0.103 ±0.006 0.65; 0.6; 0.72 0.66 ± 0.03

Ag-r cells at 1000 pg/ml Ag 54; 55;54 54.3 ±0.27 48; 47; 45 46.6 ±0.72 0.1; 0.12; 0.098 0.106 ±0.005 0.65; 0.64; 
0.71

0.66 ±0.017
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