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ABSTRACT. 

A continuous culture model system was set up in the laboratory and inoculated with a diverse 

range of microorganisms, including several bacteria and protozoa, obtained from the local 

mains water tap supply. This inoculum and was added to the system without any prior culture 

or other selection process. Biofilms readily developed on glass tiles suspended in the 

planktonic phase of the system. An avirulent Legionella pneumophila was inoculated into the 

system and was subsequently isolated from both biofilms and also from the aqueous 
(planktonic) phase of the chemostat. The attenuation of this strain, determined by its inability 

to cause disease and death in guinea pigs, remained unaltered despite the long term survival of 
this strain within the system. 

Investigations to determine whether the avirulent L. pneumophila was able to infect and 

proliferate within protozoa were carried out. The results of the present study show that this 

avirulent L. pneumophila did not proliferate intracellularly and suggest that the association of 

L. pneumophila with protozoa although probably important in the long term survival of this 

bacterium especially during periods where adverse conditions prevail, is not essential but 

opportunistic. In chapter 3 the importance of the presence of these non-legionellae bacteria, 

which included Flavobacterium sp., Acinetobacter spp. and several species of Pseudomonas, 

was investigated. The results suggest that the presence of the non-legionellae are relevant to 

the survival of Legionella especially in environments which favour it's growth, for example water 

distribution systems. 

In order that we may gain a further insight into the ecology of microorganisms in their natural 

environment, it is necessary to visualise them in conditions which allow them to interact in a 

way which mimics as closely as possible the natural environment. Biofilms were developed on 

surfaces which could be removed from the model system in their entirety. Direct visualisation 

techniques, including atomic force microscopy and Hoffman modulation microscopy could then 

be used which allowed the in vivo examination of biofilms in situ on the surface upon which 

they had developed. More traditional microscopy methods were also used. Atomic force 

microscope images of biofilms and individual biofilm bacteria including Legionella were 

obtained, which clearly showed the presence of exopolymeric substances (EPS). Hoffman 

modulation contrast microscopy and scanning electron microscopy showed the diverse nature 

of the biofilms being studied. The results of these investigations suggest that a more complete 

understanding of the complex nature of biofiims is achieved by the use of a combination of 

several microscopy techniques. 

The response of a L. pneumophila serogroup 6 and the avirulent L. pneumophila serogroup 1 to 

a commercially available biocide, Vantocil IB, was investigated. Both the serogroup 6 and the 

avirulent serogroup 1 could not be detected following biocide teatment in either the planktonic 

phase or biofilms. These results suggest that this avirulent L. pneumophila is a suitable model 

substitute for the virulent L. pneumophila. 
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CHAPTER 1 

INTRODUCTION 



1. INTRODUCTION. 

1.1. Background 

Legionella pneumophila, was first recognised as the principal aetiological agent of 

Legionnaires' disease, following an outbreak of pneumonia among delegates attending 

an American Legion Convention in Philadelphia in 1976 (McDade et al., 1977). 

L. pneumophila did not grow on conventional laboratory media available at the time, so 

the search for the causative organism of Legionnaires' disease took months of 

painstaking research before the bacterium was finally visualised on slides prepared from 

hens' egg yolk sacs which had been inoculated with samples taken from infected patients 

(Ager and Tickner, 1985). It has since been identified in retrospect, as being responsible 

for outbreaks of pneumonia from as long ago as 1947 (Mc Dade et al., 1979). 

To date there are at least 39 known species of Legionella (Dennis et al., 1993a), with 53 

serogroups. L. pneumophila, the species most often associated with Legionnaires' 

disease is separated into at least 14 different serogroups (Anon., 1991 a) and 40 subtypes 

(Barbaree, 1993). Not all species of Legionella however, are known to cause disease in 

man. Five new species were recently isolated as the result of a survey to determine the 

factors governing colonisation of UK buildings by Legionella spp. (Dennis et al., 

1993a). It is likely that as more research is carried out into the environmental incidence 

of Legionella, further species will be isolated. 

1.2.1. PHENOTYPIC CHARACTERISTICS OF LEG/ONELLAE. 

The classification of Legionellaeceae is based on DNA homology (Brenner et al., 1984; 

Brenner, 1986). Enzyme activity analysis, slide agglutination, fatty acid composition 

and analysis of isoprenoid quinones are all used as confirmation of species (Dennis et 

al., 1993a; Wilkinson et al., 1990). 
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Legionellae are Gram negative, aerobic rods which divide by non-septate binary fission. 

The cytoplasm is rich in ribosomes and nuclear elements and vacuoles are often present 

(Rodgers, 1979). The cell wall has two triple unit membranes with a peptidoglycan 

layer containing m-diaminopimelic acid (Hoffman, 1984). Morphological variations 

occur depending on the source and age of the culture. Legionellae are 0.3-1.0 µm in 

width, but their length varies. Three different forms have been noted; coccobacillary 

forms 1-3 µm in length; larger filamentous forms 8-20 µm in length have been seen in 

both lung material and on artificial culture media (Rodgers, 1979) and longer 

filamentous forms up to 100 µm in length have also been reported in agar cultures 

(Chandler et al., 1979). 

L. pneumophila have either one or two polar flagella 8-10 µm in length and 14-25 nm in 

diameter (Surgot et al., 1988; Rodgers et al., 1980) and are usually poorly motile 

although non motile strains can occur (Harrison and Taylor, 1988). Rodgers et al. 

(1980) found that in some media 14 out of 21 strains of Legionella possessed pili, 

5-8 nm in width and varying between 0.3-2.25 µm in length, distributed evenly around 

the bacterial surface. However, no flagella or pili have been reported to occur in isolates 

from clinical or environmental sources (Rodgers et al., 1980; Surgot et al., 1988). 

Gram's stain is only successful with an appropriate counterstain; saffranin or basic 

fuchsin give satisfactory results (Harrison and Taylor, 1988). 

1.2.2. NUTRITIONAL / PHYSIOLOGICAL CHARACTERISTICS 

Bergey's Manual Of Systematic Bacteriology (1994) defines Legionella as a chemo- 

organotroph utilising amino acids as carbon and energy sources, carbohydrates are not 

fermented or oxidised. Amino acids utilised include: arginine, cysteine, isoleucine, 

leucine, methionine, threonine, valine, phenylalanine and tyrosine. Some strains also 
f 

have a requirement for proline, whilst serine and threonine may supply their total 

carbon and energy requirements (Rowbotham, 1980). 
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Legionella spp. may be differentiated from other aquatic bacteria in that they are 

nutritionally fastidious on laboratory media. Legionella spp. have a requirement for 

L-cysteine and metal ions for growth, particularly iron (Pine et al., 1986). For optimal 

growth Legionella requires iron in excess of 20 µM of iron compared with the 

requirements of other pathogenic Gram-negative and facultative intracellular bacteria of 

between 0.3 and 1.6 tM (Mengaud and Horwitz, 1993). The mechanism of iron uptake 

has not yet been fully elucidated but is possibly achieved by means of a periplasmic iron 

reductase (Johnson et al., 1991). The availability of intracellular iron has been shown to 

be a factor in the permissiveness of certain cells for the proliferation of L. pneumophila 

within them (Gebran et al., 1994). Zinc, magnesium and calcium have also been shown 

to stimulate growth in defined media (Reeves et at., 1981). 

L. pneumophila is nitrate negative and although it does not produce catalase (Pine et al., 

1986) it reduces hydrogen peroxide by the action of peroxidase thus giving a positive 

catalase test result with 3% H202 (Harrison and Taylor, 1988). The oxidase reaction 

gives variable results and therefore it is not useful for identification purposes. Most 

strains of Legionella will produce gelatinase (exceptions are L. micdadei and 

L. feeleii). Most legionellae are able to hydrolyse hippurate to form benzoic acid and 

glycine, with the exceptions of two serogroup 4 strains, Los-Angeles-1 and San 

Francisco-6 (Harrison and Taylor, 1988). Some species of Legionella, but not 

L. pneumophila, exhibit autofluorescence when examined under UV light at a 

wavelength of approximately 365nm. 

Legionella is acid tolerant, withstanding exposure to pH 2.0 for short periods. Although 

the optimum pH for laboratory media is between 6.6 to 6.9, Legionella has been isolated 

from environmental sources within the pH range of 5.5 to pH 8.3 (Anand et al., 1983). 

L. pneumophila has been shown to be thermotolerant, it is able to withstand 

temperatures of 50 °C for several hours and 60 °C for several minutes. However at 

4 
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temperatures in excess of 70 °C they are killed almost instantly (Dennis et al., 1984; 

Dennis, 1988; Anon, 1991b). Legionella has been isolated from thermal ponds and 

springs, and from aquatic sources in the vicinity of a volcano (Tison and Seidler, 1983; 

Verissimo et al., 1991; Campbell et al., 1984). Isolates are readily obtained from many 

different environmental aquatic sources between 30 and 70°C (Fliermans, 1984), with 

temperatures between 40 and 60°C giving the best yields (Dennis, 1988). Yee and 

Wadowsky (1982), showed that naturally occurring L. pneumophila survived and 

multiplied in water at temperatures between 25° and 45°C, the optimum temperature 

being within the range 32 to 42°C, with the greatest increase in viable counts occurring 

between 37 and 42°C. As the temperature falls below 37°C the multiplication rate 

decreases with no observable growth below 20°C. (Anon, 1991b). 

It was a considerable time before a suitable in vitro medium which would sustain the 

Legionellaeceae was devised (Feeley et al., 1978; 1979). Prior to this, isolation in 

guinea pigs or hens' eggs was necessary (Mc Dade et al., 1977; Morris et al., 1979). In 

the laboratory L. pneumophila is fairly slow growing and it can take up to 10 days for 

distinctive colonies to form (Dennis, 1988). When grown on buffered charcoal yeast 

extract, (BCYE) and BCYE with added glycine, vancomycin, polymixin and 

cycloheximide (GVPC), it forms colonies with a distinctive ground glass morphology 

and an entire smooth edge. The colonies are pigmented and vary from a bluish/green in 

younger colonies to a pinkish/purple in slightly older colonies. As the colonies get older 

this colouration becomes less distinctive to give aTried egg' appearance in aged 

colonies, though a pinkish tinge may still sometimes be seen on the edges of the colony 

(Harrison and Taylor, 1988). 

5 



1.3. LEGIONELLOSIS 

1.3.1. Legionellosis 

Legionellosis is the term used to describe all the clinical manifestations caused by 

organisms within the genus Legionella (Beaty, 1984). L. pneumophila can cause both 

severe pneumonias and systemic infections in susceptible patients and also a milder 

form of legionellosis termed Pontiac fever. Epidemiological evidence strongly implies 

that the mode of infection is via the inhalation of L. pneumophila infected aerosols 

(Baskerville et al., 1981; Hambleton et al., 1983; Ager and Tickner, 1985). Droplet size 

plays an important role in L. pneumophila infection. Droplets of 5 gm or less are able to 

penetrate deeply into the lung (Fitzgeorge et al., 1983), these droplets may contain in 

excess of 1000 colony forming units (CFU) of L. pneumophila (Rowbotham, 1986). 

There are no known cases of man to man or man to animal transmission (Yu et al., 

1983). The dose of Legionella required to cause disease has not yet been established, 

since the individual's immune status and the presence of predisposing conditions are 

factors in the susceptibility of the host (Anon, 1991a; Joly, 1993). Previous studies have 

shown that many infections with relatively mild symptoms have occurred which have 

not been recognised at the time as being due to Legionella (Joly, 1993). A significant 

number of the general population have been shown to have antibodies to L. pneumophila 

(Schlick 1993; Paszlo-Kolva et al., 1993). L. pneumophila serogroup 1 is the most 

pathogenic of the legionellae accounting for approximately 90% of the cases of 

legionellosis (Roig et al., 1993). Sixteen other species of Legionella have also been 

implicated in disease (Anon. 1991 a; Hoge and Breiman, 1991; Facklam and Breiman, 

1991). 

6 



1.3.2. Legionnaires' disease 

Legionnaires' disease is a severe pneumonia, which is difficult to distinguish clinically 

from other pneumonias (Edelstein, 1993). The clinical definition of a person with 

Legionnaires' disease as adopted by the World Health Organisation is "A person with 

acute respiratory disease confirmed by abnormal chest x-ray, positive culture and/or a 

four-fold rise in antibody titre to L. pneumophila serogroup 1. Presumptive cases 

include positive urinary antigen and direct fluorescent antibody tests" (Plouffe, 1993). 

There are approximately 100-275 cases reported to the Communicable Disease 

Surveillance Centre in England and Wales each year, accounting for approximately 2% 

of the community acquired pneumonias in the UK (Anon, 1991b). The incidence of 

nosocomial Legionnaires' disease varies from approximately 0-1.4% (Joly, 1993). This 

figure does not appear to be solely dependent upon whether L. pneumophila is present or 

not in the hospital water supply but also on various other factors which probably include 

the virulence of the Legionella spp. in question. The usual incubation period is 2-10 

days (Beaty, 1984), a recent report, however, suggests that colonisation of the 

respiratory tract by L. pneumophila may occur several weeks before the onset of 

Legionnaires' disease (Marrie et al., 1992a). 

The symptoms of Legionnaires' disease include fever, with a body temperature 

exceeding 40°C in some cases, headache, myalgia and malaise followed by a dry non- 

productive cough. Frequently neurological symptoms are presented which may include 

hallucination, coma, stupor and grand-mal seizures (Schlick, 1993). In approximately 

50% of cases the patients present with gastrointestinal symptoms, which may include 

nausea, vomiting, abdominal pain and diarrhoea (Schlick, 1993; Mayaud and Dournon, 

1988). In severe cases, extrapulmonary multiple organ failure may occur (Fumarola and 

Pece, 1992) and 20% of patients with severe Legionnaires' disease suffer from 

bacteriaemia. The attack rate for Legionnaires' disease is thought to be approximately 

I% (Anon, 1991 a) with a fatality rate, usually due to respiratory failure, of 
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approximately 12% (Anon; 1991 a; Anon, 1991 b); however, in immunocompromised 

patients this may be as high as 90% (Roig et al., 1993). 

1.3.3. Pontiac Fever 

L. pneumophila is also the agent responsible for Pontiac fever. The first incidence of 

this occurred in 1968 in the County Health Department, Pontiac, Michigan (Hedlund, 

1981). Pontiac fever is a self-limiting 'flu like' illness lasting on average 2-3 days, with 

an incubation period ranging from 5 hours to 3 days (Anon, 1991 a). Symptoms include 

malaise, headaches, muscle pains, dizziness, cough, nausea and mental confusion, with 

some patients also suffering from diarrhoea. The infection rate is much higher than for 

Legionnaires' disease and an attack rate of 95% was reported in -the outbreak in Pontiac, 

USA. 

It is as yet unclear as to why exposure to Legionella results in two such different disease 

states; several theories exist which include as factors, the inoculum size, virulence, host 

factors (Rowbotham, 1986), viability of the Legionella or an allergic response to 

protozoa (Miller et al., 1993). 

1.3 4. Non-L. pneumophila infections. 

Infection by L. pneumophila other than serogroup 1 usually only occurs in those patients 

who have been immunocompromised (Mayaud and Dournon, 1988). In these patients 

other species of Legionella, e. g. L. micdadei, L. feelei and L. dumoffii have also been 

shown to cause pneumonic illness (Tomkins and Louitt,. 1993; Harrison and Taylor, 

1988). Legionella micdadei has also been shown to be responsible for a form of Pontiac 

fever called Lochgoilhead fever, which is a non-pneumonic illness similar to Pontiac 

fever but with a longer incubation period and a recurrence of the symptoms in some 
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cases. This epidemic was unusual in that a high proportion of the children present at the 

site in question, 31 out of 35, became infected (Fallon et al., 1993). 

1.3.5. Extra-pulmonary infections. 

There have been several reports of Legionella causing infections where the respiratory 

tract is not involved, these are primarily in immunocompromised patients. These 

infections may be as a result of Legionella contaminated water used for irrigation or to 

wash wounds. Legionella has also been shown to be responsible for incidences of 

colitis and bowel abscesses (Edelstein, 1993) 

1.3.6. Predisposing factors to Legionnaires' disease 

The incidence of Legionnaires' disease in healthy children and young adults is very low 

unless there are predisposing factors, for example, heart disease (Pastoris et al., 1984). 

There have been however, cases of Pontiac fever and Lochgoilhead fever reported in 

children (section 1.3.4). 

In adults there are several factors which determine a person's susceptibility to 

Legionnaires' disease; particularly at risk are patients who have an immunocompromised 

status (Arata et al., 1992), especially patients receiving high doses of 

glucocorticosteroids and those receiving anti-rejection therapy following transplantation 

(Edelstein, 1993). Nosocomial infections are a significant risk for patients undergoing 

treatment in hospitals which have infected water supplies (Joly and Alary, 1993). Males 

are three times more likely to be infected than females, and persons over 50 years old are 

more likely to contract the disease. Other high risk patients include those who have 

recently undergone surgery, or who suffer from existing chronic diseases e. g. congestive 

heart failure, cancer, renal insufficiency, liver cirrhosis or those who have an existing 

respiratory disease or diabetes. The risk is also increased for people who are heavy 
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smokers or who are alcoholics (Mayaud and Dournon, 1988; Anon 1991b; Ramsey and 

Roberts, 1992; Edelstein, 1993). 

1.4.. TREATMENT 

The antibiotic treatment of choice is erythromycin, followed by rifampicin, though in 

some cases a cocktail of two or more antibiotics may be required (Ramsey and Roberts, 

1992; Mayaud and Dournon; 1988, Facklam and Breiman, 1991). Patients treated with 

erythromycin have a higher survival rate compared with those treated with 

aminoglycosides, ß-lactams or chloramphenicol (Roig et al., 1993). However 

erythromycin is only inhibitory and not bactericidal. A relapse may occur and there can 

be serious side effects including severe phlebitis, gastrointestinal disturbances and loss 

of hearing. Other possible side effects include; elongation of the Q-T interval and 

torsades de pointes arrythmias (Edelstein, 1993). Initial treatment is usually given 

intravenously as erythromycin lactobionate followed by erythromycin ethylsuccinate 

orally once the patient is apyrexic (Roig et al., 1993). Treatment is usually continued 

for 2-3 weeks depending upon the patients' response and whether there was any other 

underlying disease or immuno-incompetence. 

Although the ß-lactam antibiotics are active against legionellae in vitro, these results do 

not correlate well with the treatment of clinical infections. This is due to the inability of 

these antibiotics to permeate into the infected cells (Ramirez et al., 1993). The failure 

of community acquired pneumonias to respond to ß-lactam antibiotics is an indication 

that Legionella may be the causative microorganism. However, animal studies with 

combinations of ß-lactams used together with (3-lactamaae inhibitors appear to be 

effective. Other antibiotics suggested as possibilities for future treatment of 

Legionnaires' disease include the newer macrolides such as clarithromycin (Roig et al., 

1993), a new azalide, azithromycin (Donowitz and Earnhardt, 1993) and the 
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fluoroquinolones which have been shown to be bactericidal for Legionella (Ramirez et 

al., 1993; Smith et al., 1993). 

1.5. SOURCES OF INFECTION 

Investigations into outbreaks of Legionnaires' disease have shown that sources of 

infection often include hot water systems, especially in large institutions such as 

hospitals (Wadowsky et al., 1982; Hsu et al., 1984; Stout et al., 1985; 1992, Alary and 

Joly, 1991; Bezanson et al., 1992). Other sources of infection include cooling towers 

(Tobin et al., 1981; Barbaree et al., 1986; 1987), fountains, machine cutting coolants, 

misting devices, spa baths (Anon 1991), whirlpools (Henke and Seidel, 1986) and 

nebulisers (Arnow et al., 1982). In all of these cases the source-of infection had the 

ability to produce an aerosol. 

Factors which may predispose man-made environments to infection with 

L. pneumophila include: the working temperature of the system remaining below 60°C, 

stagnation, which can occur in the dead ends of distribution system pipework and in 

storage tanks , the presence of certain nutritional sources (which may include the 

material of the system itself), scale, sediments and non-legionellae microorganisms 

(Anand et al., 1983; Stout et al., 1985; Barbaree et al., 1986; Vickers et al., 1987; 

Anon, 1991b; Nahapetian et al., 1991; Lück et al., 1991; Verissimo et al., 1991; Stout, 

et al., 1992). 

Epidemiological evidence implies that Legionnaires' disease is caused by the 

inhalation of L. pneumophila in an aerosol derived from, such an infected source 

(Hambleton et al., 1983; Ager and Tickner, 1985). Survival of the bacteria in an aerosol 

depends on various factors including relative humidity, wind speed, temperature and 

bacterial metabolic activity and viability (Hambleton et al., 1983; Anon, 1991b). 

Outbreaks have been recorded where the infective source was over 1 mile from the 
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exposed patients. In this case the humidity was high and atmospheric conditions were 

such that widespread dissemination of infected aerosols could occur (Addiss et al., 

1989). Recent studies have shown that L. longbeachae is also able to survive in damp 

potting soils in a free living form for several months (Steele, 1993). 

1.6. LABORATORY DETECTION OF LEGIONELLA 

Advances in technology have increased the choice of alternative methods which are 

available for the detection of Legionella in the laboratory. Because of the difficulties 

encountered in the culture of Legionella, laboratory diagnosis of Legionnaires' disease 

and environmental sampling tends to be carried out in relatively few laboratories. 

Important factors in the selection of diagnostic tests are not only- the sensitivity and 

specificity of the test in question but also the technical ease of its' performance. Of the 

more conventional diagnostic methods, culture is still regarded as the 'gold standard' 

(Tomkins and Louitt, 1993). Specificity is 100% with a sensitivity varying between 

laboratories and ranging from 50 to 80% (Finkelstein et al., 1993). An important 

advantage of culture is that isolates can be kept and subsequently sub-typed for 

epidemiological purposes. The appropriate training of laboratory staff is an important 

factor in the development and sensitivity of culture methods. Edelstein (1993) reported 

that a survey carried out by the College of American Pathologists showed that 32% of 

otherwise competent laboratories were unable to culture a pure heavy growth of L. 

pneumophila. Legionella may take several days to appear on laboratory media, such a 

delay may mean inappropriate antibiotic therapy being prescribed. Further cases may 

occur due to a delay in the detection and treatment of an environmental source of the 

disease. 

Legionella in environmental samples may be inhibited by the presence of other 

microorganisms (Gomez-Lus et al., 1993) or by the selective procedures used in the 

routine isolation from water samples (Reinthaler et al., 1993). These factors together 
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with the occurrence of viable non-culturable L. pneumophila (Colbourne et al., 1988; 

Byrd et al., 1991; Yamamoto et al., 1993, Tomkins and Louitt, 1993), mean that other 

methods of detection are necessary. Detection of viable non-culturable forms may be 

especially important from within fixed tissues and also following antibiotic or biocide 

treatment (Harrison and Taylor, 1988). 

Indirect methods for the detection of L. pneumophila include radio immunoassay (RIA) 

for urinary antigens (serogroup 1 only), monoclonal antibody detection and DNA probe 

tests. The sensitivity of clinical serologic diagnosis of L. pneumophila serogroup 1 is 

approximately 70 to 80% by either microagglutination or indirect immunofluorescence 

(IFA). Specificity is dependent upon the type of antigen used, heat-treated antigen is 

less reliable than using formalised yolk sac-grown antigen which is between 99 and 

99.6% specific for L. pneumophila serogroup 1. Detection of other serogroups is less 

successful (Edelstein, 1993). Direct fluorescent antibody (DFA) testing has a high 

specificity (99-99.3%) for serogroup 1 but the sensitivity is variable (25-70%), a major 

factor being the experience of laboratory personnel in the interpretation of results. There 

are however, several reports of cross reactivity with both IFA and DFA when these tests 

are used for environmental sampling (Alary and Joly, 1992). Cross reactivity occurs not 

only between serogroups of L. pneumophila and between non-pneumophila species 

(Wilkinson et al., 1990) but also between non-legionellae (Alary and Joly, 1992; Kfir 

and Genthe, 1993). This technique therefore, should be used in conjunction with other 

methods for environmental sampling. 

Latex agglutination has been shown to be a useful rapid method for presumptive 

identification of Legionella, especially from environmeiital samples to screen out the 

non-legionellae isolates (Wilkinson et al., 1990). However, as with DFA, problems with 

cross reactivity can occur. 
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The urinary antigen test has a high specificity (>99.5%) with a sensitivity of between 80 

and 90% but this may be lower in cases where the Legionnaires' disease is community 

acquired, culture negative and sero-positive (Edelstein, 1993). This test is available only 

for L. pneumophila serogroup 1 infections although these account for 90% of 

Legionnaires' disease infections (Roig et al., 1993). 

DNA probe tests are less technically challenging than DFA and one advantage is that 

they are able to detect all species of Legionella (Edelstein, 1993). Commercial kits are 

now available with both high specificity [100%] and sensitivity [75%] (Finkelstein et 

al., 1993). 

New methods of detection include polymerase chain reaction (PER) and ligase chain 

reaction (LCR), though their usefulness as diagnostic aids has not yet been fully 

established. PCR is a method by which very small amounts of specific sequences of 

nucleic acids are rapidly amplified to detectable levels allowing analysis of genetic 

material (Pickup, 1991; Raymond et al., 1992). The specific oligonucleotide primers 

and probes used vary according to the research establishment (Tomkins and Louitt, 

1993). Some workers use a clone of an 800 base pair fragment and also a 

metalloprotease gene (pro). Other workers use primers and probes as templates which 

contain the 5S rRNA to detect all Legionella species (Louitt and Tomkins, 1993) whilst 

others use a region of the macrophage infectivity potentiator protein (MIP) gene 

(Nowicki et al., 1993). PCR can be used to fingerprint successfully legionellae from 

both environmental and clinical sources (Miller et al., 1993, Kessler et al., 1993; 

Maiwald et al., 1994) and to show the presence of Legionella in amoebal trophozoites 

and cysts (Jauhac et al., 1993). A major advantage of this method is that it can also 

detect non-culturable forms of Legionella and it is not inhibited by the presence of non- 

legionellae microorganisms which can produce bacteriocins which may inhibit 

Legionella growth on conventional culture media (Gomez-Luz et al., 1993b). The 

sensitivity of PCR when compared with culture was 57%, but with a high specificity of 
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93% (Tomkins and Louitt, 1993). 

The main disadvantages of PCR are: - 

1. high cost (Alvarez et al., 1993), 

2. it cannot be used retrospectively, since formalin fixation decreases the 

sensitivity of PCR (Schlenk et al., 1993), 

3. cells which are damaged and devoid of nucleic acids would not be detected 

(Palmer et al., 1993) and 

4. the presence of rust in the samples has been shown to inhibit amplification 

(Maiwald et al., 1994). 

LCR is a recent development which has an advantage over PCR in that it-is able to 

detect minor mutations, and therefore it may be possible in the future to select between 

specific strains of Legionella, differentiating between avirulent and virulent 

environmental isolates (Tomkins and Lovitt, 1993). Its application in the future as an 

epidemiological tool looks promising. 

A recent advance in the detection of L. pneumophila in environmental samples is 

described by Walker et al. (1993). L. pneumophila species specific fatty acids were 

detected by gas chromatography-mass spectrometry from within water distribution 

system biofilms which had been developed in a model biofilm system. This method, 

however, has not yet been tried in the natural environment. 

Because of the limitations of each of the individual methods discussed a combination of 

techniques would seem to be the most appropriate approach to detect Legionella in 

environmental samples. 

1.6.1. Subtyping. 

Because Legionella is so prevalent in the environment it is necessary to identify with 

some degree of certainty the particular strain responsible for causing an outbreak of 
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legionellosis. This is essential in order to identify links between cases of community 

acquired Legionnaires' disease and the site responsible for the dissemination of 

Legionella, so that disinfection and any engineering modifications can be carried out as 

quickly and cost effectively as possible. There are 14 recognised serogroups of L. 

pneumophila which can be subdivided further into subgroups using various phenotypic, 

immunologic and genotypic variations (Winn, 1993). The detection of differences in 

strains of the same species (subtyping) is therefore an important epidemiological tool. 

L. pneumophila serogroup 1 was initially separated into three major subgroups: Pontiac, 

Bellingham and Olda (Watkins et al., 1985) by an indirect immunofluorpscent antibody 

technique using monoclonal antibodies (MAbs). As more strains were discovered it 

became necessary to differentiate further into minor subgroups using panels of several 

MAbs. The definition of a subgroup depends to a large extent on the monoclonal 

antibody panel used. In order to introduce a degree of standardisation, collaboration 

between laboratories in the USA, UK and Canada resulted in the setting up of an 

International panel of seven MAbs for the subtyping of L. pneumophila serogroup 1 into 

10 subgroups or subtypes (Joly et al., 1986). This has now been extended to 12 

(Barbaree, 1993). MAb subtyping may be useful as a marker for virulence as a positive 

reaction with the panel for MAb2 may be indicative of increased virulence which would 

suggest that whole or part of the surface epitope recognised as MAb2 may be involved 

in the virulence of this microorganism. This marker would be a further useful tool in 

epidemiological investigations (Lever, 1993; Mamolen et al., 1993). 

There are now several methods of subtyping using serologic techniques with both 

polyvalent and monovalent antibodies using DFA, IFA, slide agglutination and dot 

enzyme linked immunoassays. Recently some authors have found that MAb typing was 
f 

not sufficiently discriminatory to establish a link between clinical and environmental 

isolates (Streulens et al. 1993, Ehret et al., 1993); further separation was required using 

genotypic subtyping by a combination of other methods. 
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Other methods of subtyping reported in the literature include plasmid profiling, 

electrophoretic allo-enzyme typing, ribotyping, DNA digest analysis and outer 

membrane protein analysis using polyacrylamide gel electrophoresis (Edelstein et al., 

1986, Barbaree, 1993, Bej et al., 1993) and hydroxy-fatty acid profiling (Jantzen et al., 

1993). Barbaree (1993) in his State Of The Art Lecture, reviews the techniques used 

and concludes that the range of methods are complementary but he expresses 

reservations about plasmid analysis as many strains, especially from clinical isolates, 

have been reported to be free of plasmids. This may be partly due to the procedures in 

the preparation of strains which could give misleading results (Edelstein et al., 1986). 

Molecular fingerprinting methods have been used to link some clinical and 

environmental isolates (Montoya et al., 1992) leading to the positive identification of the 

source of the disease. Using a modified PCR technique, subtyping of Legionella spp. is 

now theoretically possible from a single colony within a few hours (Gomez-Luz et al., 

1993). However, this technique has not yet been fully evaluated for its usefulness in 

epidemiological monitoring purposes and it should still be used in conjunction with 

more orthodox techniques. 

1.7. PATHOGENESIS 

Pathogenicity is the capability of a microorganism to cause disease in a host cell. In 

order for the disease process to occur the pathogen must be capable of entering the host 

cell and to replicate inside it. It does this whilst resisting or avoiding the hosts' natural 

defence mechanisms whilst continuing to cause subsequent damage or death to the host 

(Smith, 1977). L. pneumophila is described as a facultative intracellular pathogen and 

has been shown to infect and multiply in several cell types including human monocytes 

and alveolar macrophages (Daisy et al., 1981; Rechnitzer et al., 1992; Yamamoto et al., 

1992a) and in certain protozoa including Hartmanella vermiformis, Acanthamoeba spp. 

Naegleria spp. and Tetrahymena pyriformis ( Collins, 1986; Fields et al., 1986; 
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Rowbotham, 1980; Yamamoto et al., 1992). L. pneumophila is able to proliferate in 

intracellular phagosomes in macrophage cells producing proteases with cytotoxic 

activity which results in localised tissue destruction (Hoffman et al., 1990; Rechnitzer et 

al., 1992). This growth pattern is similar to that observed in certain species of protozoa 

(Rowbotham, 1980; Moffatt and Tomkin, 1992). Legionella has also been reported to 

infect macrophages of susceptible animals e. g. guinea pigs, rats, gerbils (Collins, 1986; 

Arata et al., 1992) and a certain susceptible strain of mouse A/J (Arata et al., 1992). 

Not all animals are susceptible however, L. pneumophila challenges of horse and some 

species of bird e. g. leghorn chickens, quails, pigeons and most strains of mice (Marra 

and Shuman, 1992)) have proved negative. It would therefore appear that infection is 

not purely a consequence of the virulence of L. pneumophila but can also depend on the 

susceptibility of the host (Collins, 1986). 

The main mode of uptake of Legionella by macrophage cells is by coiling phagocytosis 

(Horwitz, 1993). In humans, monocyte complement receptors CR1 and CR3, C3 

complement component fragments and the major outer membrane protein (MOMP) of 

L. pneumophila mediate phagocytosis (Horwitz, 1993). Once internalised the 

legionellae are then able to multiply in the cytoplasm where they appear to utilise the 

host cell mitochondria, smooth vesicles and ribosomes (Marra and Shuman, 1993) thus 

rupturing the cell and releasing increased numbers of Legionella to infect further 

numbers of macrophages (Ramirez et al., 1993). Legionella has been shown to survive 

the antimicrobial activity of human polymorphonuclear leukocytes (PMN) which would 

normally act as the body's second line defence against bacterial invasion (Summersgill et 

al., 1988). Other authors, however, have shown that L. pneumophila phagocytosed by 

PMNs are usually killed. This was substantiated by experiments in which there was 

found to be a subsequent increase in the numbers of infected macrophages when PMN 

activity was prevented (Fitzgeorge et al., 1988). 
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This capacity to proliferate intracellularly, resisting phagosome -lysosome fusion 

(Horwitz, 1983; Ramirez et al., 1993) and inhibiting phagosome acidification and the 

host cells anti-bacterial mechanisms (Rechnitzer et al., 1992; 1993; Lochner et al., 

1985) is linked to the virulence of the Legionella sp. 

1.7.1. Virulence mechanisms 

Several studies have been undertaken to elucidate the mechanisms involved in 

determining the virulence of Legionella, using the following models: - 
1. human alveolar macrophages (Ott et al., 1991; Facklam and Breiman, 1991; 

Rechnitzer et al., 1992), 

2. U937, HL60, human embryonic lung fibroblastic (MRCS and MRCS) and HeLa 

cell lines (Rodgers and Gibson, 1993; Kwaik et al., 1993; Hacker et al., 1991; 

Hoffman et al., 1990) 

3. rat alveolar epithelial cells (Mody et al., 1993), 

4. macrophages from the A/3 strain of mouse (Yamamoto et al., 1992), 

5. various animal models including guinea pigs (Baskerville et al., 1986; 

Rechnitzer et al., 1992), 

6. and certain protozoa (Hacker et al., 1993). 

The pathogenicity of L. pneumophila is still not fully understood but from these studies 

it would appear that there are several pathogenic factors contributing to the virulence of 

the bacterial cell which are regulated by genetic mechanisms. One of the factors which 

has been shown to be important in the ability of L. pneumophila to infect human 

alveolar macrophages and certain protozoa, is the macrophage infectivity potentiator 

[mip-gene] (Cianciotto and Fields, 1992). Mutations of this gene have been linked to 

decreased virulence (Cianciotto et at., 1990) resulting in an approximate 80-fold 

decrease in the infection of both cell lines and guinea pigs (Sadosky et al., 1993). 

Another role proposed for this gene is that it may be involved in protein folding 

mechanisms but the effect of this property on the pathogenicity of the microorganism is 
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as yet undetermined (Hacker et al., 1993). Belyi (1993) proposed that the mechanism 

by which Legionella inhibits the host cells' microbiocidal activity, allowing the 

proliferation of the bacteria within the cell, may be by interference with the hosts' 

intracellular signalling system. The mip-gene is thought also to have a role in this 

antibacterial resistance activity (Cianciotto and Fields, 1992) together with other factors 

which have not yet been fully determined but which, in some Legionella sp., could 

include the activity of enzymes eg. acid phosphatases and catalase in the so called 

'respiratory burst system' (Tully et al., 1992). 

L. pneumophila cytotoxic protease is believed to be another important factor in the 

pathogenicity of this microorganism (Baskerville et al., 1986; Rechnitzer et al., 1992; 

Williams et al., 1993). This enzyme is also described in the literature as a zinc 

metalloprotease (Moffat et al., 1994), tissue destructive protease/factor or Legionella 

major secretory protein (Rechnitzer and Kharazmi, 1992). This extracellular protease 

which is in the 38-42kDalton (kDa) size range, is unusual among bacterial proteases in 

that it exhibits three phenotypic properties: proteolysis, haemolysis and cytotoxicity 

(Grandi and Galli, 1992). It has been shown to be responsible for tissue necrosis and 

cell lysis in the lungs of infected guinea pigs and it is also thought to play a role in 

inhibiting the development of the cell mediated immune response (CMI). This is 

achieved by either, the deactivation of cytokines or by degradation of T-cell surface 

proteins (Mintz et al., 1993). However, the activity of this protease is not essential for 

the infective capability of this microorganism, as aerosols of protease deficient mutants 

of L. pneumophila have still proved to be pathogenic to guinea pigs. 

It has been proposed by Hoffman et al. (1990) that expression of heat shock proteins 

and cytotoxic proteases (Kwaik et al., 1993) may be a stress response of L. pneumophila 

to the unfavourable environment within the host cell. Kwaik et al. (1993) found protein 

expression was markedly modified when the L. pneumophila were internalised in 
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macrophage cells, exhibiting a response similar to that shown by the L. pneumophila 

when exposed to other stress conditions. 

Other proteins which have been linked to the expression of virulence include: - 

the MOMP (High et al., 1993), heat shock proteins [HSP] (Kwaik et al., 1993), two 

haemolytic proteins, one which lyses human erythrocytes (legiolysin) and a second with 

both proteolytic and cytotoxic activity (Hacker et al., 1991). There are also several 

membrane associated proteins which have been implicated as virulence factors although 

their precise role has still to be established (Belyi et al., 1993; Hacker et al., 1991; 

Marra and Shuman, 1992). 

Although in some species of pathogenic bacteria eg. Salmonella; Shigella, and Yersinia 

the role of plasmid inclusion is associated with virulence ( Mintz et al., 1992), this does 

not appear to be the case for L. pneumophila (High et al., 1993). It is thought that 

plasmid inclusion increases survival in the natural aquatic environment (Tully, 1993), 

but the transfer of certain plasmids into avirulent strains did not have any effect on their 

infectivity of eukaryotic cells (Mintz et al., 1992, Marra and Shuman, 1993). It is 

suggested that the genes for virulence are located within the chromosomal DNA (Marra 

and Shuman, 1992). 

Flagella have an important role in pathogenicity in some bacterial species, for example, 

in Salmonella and Pseudomonas aeruginosa. Ott et al. ( 1991) compared the flagella on 

both virulent and avirulent strains of L. pneumophila and concluded that the possession 

of flagella was temperature dependant with increased expression at lower temperatures 

suggestive of an environmental role rather than a virulence mechanism. There was no 

appreciable difference observed between the virulent and avirulent strains. 
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1.7.2.. Aviru{ent L. pneumophila 

Environmental isolates of Legionella differ in their virulence towards eukaryotic host 

cells and this is not solely related to species differences. Bollin et al. (1985) found a 

difference between the virulence of two environmental isolates belonging to the same 

serogroup, the more virulent strain was also detected in patient samples. 

L. pneumophila has been shown to lose virulence by passage over laboratory culture 

media (McDade and Shepard, 1979; Hambleton et al., 1983). Early work suggested that 

virulence could be regained by passage through guinea pigs, embryonated hens' eggs or 

human embryonic lung fibroblasts (Elliott and Johnson, 1982, Wong et al., 1981). 

Catrenich and Johnson (1988), however, showed that the virulent to avirulent conversion 

of L. pneumophila passaged over laboratory media was stable and that this virulence 

was not regained by passage through Guinea pigs. More recently, Yamamoto et al. 

(1993) suggested that the technique used in the passage of strains is important in the 

selection of a stable population of the selected strain. There have, however, been no 

instances of strains which are avirulent in model systems causing infection in vivo 

(Engleberg, 1993). 

Recent studies, using avirulent L. pneumophila have shown that avirulent strains are 

unable to detect and respond to the intracellular environment, showing marked 

differences relative to the isogenic virulent strain in protein expression initiated as a 

stress response to survival following phagocytosis (Hoffman et al., 1993). Fields et al. 

(1993) found that an axenic culture of the amoeba Hartmanella vermiformis was unable 

to take up avirulent L. pneumophila although initial attachment occurred at the same rate 

as the virulent strain. They proposed that these avirulent strains lack an infectivity 

factor essential for internalisation of bacteria into the protozoa under study. These 

avirulent strains are therefore not able to replicate in monocytes, macrophages (Hacker 

et al., 1993) or protozoa (Moffat and Tomkins, 1992; Fields et at., 1986; Fields, 1993; 

Ott et al., 1993). It has been suggested that this inability of Legionella spp. to replicate 
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within protozoa can be used to distinguish between avirulent and virulent strains of 

legionellae (Ott et al., 1993; Nahapetian et al., 1993). 

1.8.. LEGIONELLA AND PROTOZOA 

Drozanski (1963) described bacterial amoebal parasites that had been isolated from soil 

but which failed to grow on laboratory media. From his description it is quite possible 

that these bacterial parasites were Legionella sp. Since the development of a suitable 

medium for Legionella, as described earlier, many workers have investigated the 

relationship between protozoa and L. pneumophila. Rowbotham (1980) was the first to 

report the relationship between amoebae and L. pneumophila and these findings have 

subsequently been confirmed and extended by several workers including Fields et al. 

(1984; 1986), Tyndall and Domingue (1982), and Wadowsky et al. (1988; 1991). The 

ability of Legionella to survive and replicate both in protozoal and mammalian cells is 

thought to be unique although there are unconfirmed suggestions that Listeria and 

Mycobacterium spp., which are known human pathogens, may also be able to survive in 

protozoa (Fields, 1993). The ingestion of L. pneumophila (Fields, 1993) and its 

subsequent multiplication in amoebae and certain ciliates has been described by several 

workers. It has been also shown that L. pneumophila can survive in certain encysted 

amoebal cells (Skinner et al., 1983; Harf and Monteil, 1988). This appears to be a 

species related occurrence which has been observed in Acanthamoeba spp. but not 

Hartmanella spp. (Fields, 1993). It is postulated that this could be the mechanism by 

which L. pneumophila is able to survive adverse conditions such as low winter 

temperatures and biocide treatments (Anand et al., 1984; Rowbotham, 1980; 1984; 

Barbaree et al., 1986; King et al., 1988). Intra-amoebal. grown L. pneumophila have 

been shown to exhibit variations in growth patterns compared with those grown in vitro, 

including modifications in the lipopolysaccharide and fatty acid content of the L. 

pneumophila cell envelope (Barker et al., 1993). It has been postulated, (Barker et al., 

1993) that this may be one of the mechanisms by which intra-amoebally grown L. 
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pneumophila express increased resistance to biocides. However, Steele (1993), has 

shown that free living legionellae can survive in soil for several months although intra- 

amoebal amplification of Legionella in the potting soil mixes occurred. 

The mechanisms which enable L. pneumophila to survive once it has been ingested by 

amoebae have still not been elucidated fully. There does appear to be a degree of host 

specificity involved as not all species of amoebae are acceptable hosts. If L. 

pneumophila is ingested by an unsuitable host amoeba then it is either egested or 

digested (Rowbotham, 1984). It has also been suggested that host acceptability may be 

a temperature dependent phenomenon. At 35°C the L. pneumophila are able to 

proliferate inside amoebae (Rowbotham, 1980), whilst at 22°C the amoebae are able to 

digest the Legionella (Nagington and Smith, 1980; Anand et al.; 1983; Panikov et al., 

1993 ). Multiplication of L. pneumophila has been observed in various amoebae 

including Acanthamoeba, Naegleria and Hartmanella spp. and in the ciliate 

Tetrahymena pyriformis (Fields et al., 1984; Tyndall and Dominique, 1982; 

Rowbotham, 1980; 1986; Wadowsky et al., 1991; Smith-Somerville et al., 1991). 

Although the exact role that this ability plays in the transmission of Legionella to man is 

still undetermined, there are various anecdotal theories. 

Fry et al. (1991) have used amoebae to recover a non-culturable Legionella from clinical 

specimens. Rowbotham (1993) describes several cases of Legionella-like amoebal 

pathogens (LLAP) causing respiratory disease but which are not culturable on current 

media for Legionella. This raises the possibility that there may still be Legionella spp. 

which exist in the environment but which remain undetected because there is not, as yet, 

a suitably defined laboratory medium for their culture. . 
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1.9. INTERDEPENDENCE BETWEEN LEGIONELLA AND OTHER ORGANISMS. 

L. pneumophila is widespread within the environment. It is an opportunistic human 

pathogen found in high numbers in both natural and man-made aquatic environments 

(Grimes, 1991). Water alone is not sufficient to allow L. pneumophila to proliferate. 

Skaliy and McEachern (1979) and Fields et al., (1984), showed that in sterile distilled 

water and sterile tap water L. pneumophila showed long term survival but no 

multiplication. Yee and Wadowsky (1982), however, showed that naturally occurring 

L. pneumophila did survive and multiply in non-sterile tap water. Growth of 

L. pneumophila must therefore have been sustained either by nutrients already available 

within the tap water, supplied directly or indirectly by non-Legionella bacteria, or other 

associated microorganisms ( Yee and Wadowsky, 1982; Stout et at., 1985). 

L. pneumophila appears to be capable of thriving in association with many different 

micro-organisms. The association of L. pneumophila with different species isolated 

from aquatic sources is well documented and includes protozoa, cyanobacteria, algae 

and other bacteria (Rowbotham, 1980; Tison et al., 1980; Tesh and Miller, 1981; 

Fliermans et al., 1981; Bohach et al., 1983; Wadowsky et al., 1983; 1988; Grimes, 

1991; Pope et al., 1982 and Hume and Hann, 1984). However, our understanding of the 

interdependence of L. pneumophila with other aquatic microorganisms is still far from 

complete ( Yee and Wadowsky, 1982; Stout et al., 1985). 

1.10. BIOFILMS. 

The effect of the presence of a surface resulting in increased bacterial activity was first 

noted by Whipple (1901). Zobell and Anderson (1936) concluded that this effect 

occurred in low nutrient conditions, possibly because the nutrients are concentrated at 

the solid/liquid interface (Zobell, 1943). Since this initial work many studies have 

recognised the importance of surfaces as sites of increased microbial activity. Surface- 
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associated microbial activity and colonisation, or 'biofilm formation' is a phenomenon 

that occurs in both natural and man-made environments. Biofilms are formed as a 

survival mechanism to withstand adverse conditions, such as nutrient limitation or 

temperature extremes (Dawson et al., 1981; Kjelleberg et al., 1983; Keevil et al., 1989). 

Conditioning of a surface by the adsorption of organic molecules, followed by 

colonisation of the surface are the first steps leading to the subsequent formation of a 

biofilm on a material (Trulear and Characklis, 1979; Allison, 1993). The mechanisms 

involved in bacterial adhesion are dependent not only on the physiological status of the 

microorganism (Boyle et al., 1991), but also on the nature of the substratum. Adhesion 

to non-biological surfaces is thought to be non-specific, although the electrochemical 

nature and relative hydrophobicity of the surface are important factors in this process 

(Fletcher and Loeb, 1979; Dahlbäck et al., 1981; Fletcher and Pringle, 1983; Konhauser 

et at., 1994). Binding to living surfaces may also involve receptor interactions and may 

therefore be of a more specific nature. Rougher surfaces are preferentially colonised, 

providing niches protected from the effects of shear stresses, turbulent flow and biocide 

activity (Lytle et at., 1989; Konhauser et at., 1994). 

The processes by which microorganisms adhere to surfaces in natural and industrial 

environments are still unclear, although the role of extra-cellular polysaccharide 

substances (EPS), or the glycocalyx, secreted by the cells, is thought to be important. It 

may also play a role in secondary colonisation by different species (Costerton et al., 

1985). Current studies suggest that these high molecular weight EPS molecules do not 

act directly as an adhesin, but that other factors, possibly low molecular weight 

polysaccharides which have been shown to be produced. in trace amounts, mediate the 

initial colonisation process followed by higher molecular weight EPS production as a 

response to later events (Allison, 1993; 1994). It has recently been proposed that 

glycocalyx formation may be a microbial co-operative response to cell density 

limitations initiated by bacterial pheromones (Williams and Stewart, 1994). The 
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glycocalyx is a complex hydrated polyanionic polysaccharide matrix produced by 

polymerases affixed to the lipopolysaccharide component of the cell envelope and may 

be composed of a mixture of several species specific polysaccharides (Costerton et al., 

1978; 1981; 1985; Geesey, 1982; Gaylarde and Beech, 1989). The composition of this 

glycocalyx is thought to be dynamic and subject to change as the biofilm develops 

(Trulear and Characklis, 1982). The glycocalyx acts as an ionic exchange matrix which 
is able to trap metal ions (Geesey et al., 1988; Ferris et al., 1987) and nutrients which 

may then be transported into the cell by highly efficient permeases (Costerton and 

Geesey, 1979). It also plays a role in the conservation and concentration of digestive 

enzymes released by the bacteria, thus increasing the metabolic efficiency of the cells 

(Costerton et al., 1978). The substrate itself, or its corrosion products, may then be 

incorporated into the biofilm (Keevil et al., 1989, Ellis, 1990, Walker et al., 1991, 

Beech et al., 1991). 

Biofilms in nature are not homogeneous. They consist of a consortium of 

microorganisms which may exhibit differing physiological and metabolic properties 

from their planktonic counterparts in response to the pH, oxygen and nutrient gradients 

which occur within this exopolysaccharide matrix (Kepkay et al., 1986; Gilbert and 

Brown, 1994). As a result, various niches occur which may permit the co-existence, 

within a biofilm, of microorganisms with conflicting growth requirements eg. both 

anaerobic and aerobic bacterial populations may be isolated from the same biofilm 

(Keevil, 1994). Metabolic interdependence may occur between species, which may be a 

factor in the increased resistance to physical and chemical stresses exhibited by biofilm 

members (Caldwell et al., 1993). 

Resistance to biocide treatments has been shown to be increased in bacteria which are 

attached to surfaces and particulate matter within a system (Ridgway and Olsen, 1982, 

Kutchta et al., 1985, King et al., 1988; Vess et al., 1993). A major role of the 

glycocalyx is that it constitutes a barrier affording the various constituents of the biofilm 
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partial protection from antibacterial agents (Costerton et al., 1981; Cloete et al., 1989), 

and from the possible toxic effects of the substrate upon which a biofilm may form, for 

example, copper pipes within water distribution systems (Keevil et al., 1989). Nichols 

(1994) reviews the mechanisms which may account for this protective property of the 

glycocalyx and suggests that the answer is not solely due to the physical impedence of 

the antimicrobial agent in question, but that there may be other factors such as 

absorption or catalytic destruction of the agent by microbes on the biofilm surface. It is 

unclear whether a phenotypic response of the microbial population to surface growth 

also plays a role in this increased resistance (Jass and Lapin-Scott, 1994). The answer 

may well prove to be a combination of several factors. 

A biofilm is not a static entity as sloughing and erosion processes can result in the 

detachment of portions of a biofilm as a result of the hydrodynamic conditions or 

shearing forces occurring within a system (Characklis, 1981; Taylor and Bishop, 1985). 

The rate of this detachment may be related to the specific bacterial population, since 

some species have been shown to be more susceptible to these shear stresses (Oga et al., 

1991). The growth limiting factor in a system may also have an effect on the rate of 

shear and/or sloughing. Applegate and Bryers (1990), showed that appreciable 

differences in both shear and sloughing events could be observed between biofilms that 

were oxygen limited compared with those undergoing carbon limitation.. Sloughing or 

erosion may occur at any time during biofilm development resulting in the re-suspension 

of the microorganisms from the biofilm within the planktonic phase of the system 

(Trulear and Characklis, 1982). These may include potential human pathogens such as 

L. pneumophila, Cryptosporidium spp., Mycobacterium spp., Pseudomonas spp., 

Staphylococcus spp, Rotavirus, and Giardia, enteroviruses, mycoplasmas and protozoa 

(Rowbotham 1980; van der Wende et al., 1988; Reasoner, 1988; Keevil et al., 1989; 

Alary and Joly, 1991; Boyle et al., 1991; Emde et al., 1992). Cells may also actively 

detach from the surface and subsequently relocate on the substratum, a process termed 

desorption (Escher and Characklis, 1988). 
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Biofilms then, are composed of areas consisting of microcolonies or stacks of dense 

microbial population and glycocalyx. These stacks are interspersed with sparsely 

populated areas created by the sloughing of the biofilm or grazing of the biofilm by 

higher organisms such as protozoa. These less dense areas act as channels which allow 

the flow of nutrients and extracellular products around biofilm stacks (Costerton et al., 
1994). 

Biofilms are ubiquitous, they are found world-wide in a very diverse range of habitats, 

both natural and man-made. They may exist as beneficial epilithic communities in 

rivers and streams, in waste water treatment plants on trickling filter beds. and in the 

alimentary canal of mammals (Hanaki et al., 1982, Costerton et al., 1986, Bryers and 

Characklis, 1982). Within biofilms pathogenic microorganisms, including those 

resident in humans and animals, may be able to evade the immune response of the host, 

gain increased protection against antimicrobial drugs and exhibit an increased level of 

virulence (Allison, 1994; Williams, 1994; Brown et al., 1991; Evans et al., 1994). They 

may occur for example, as dental plaque on teeth and dentures causing caries and gum 

disease (Keevil et al., 1987, Marsh et al., 1994). They may also form on medical 

prostheses, including pacemakers, replacement joints and indwelling catheters, where 

the colonising microorganisms cause chronic infections in the surrounding tissue which 

may develop into septicaemia or cause embolisms (Wilcox, 1994). In many cases the 

removal of the infected prosthetic is required to prevent recurrent life threatening 

infections (Finch, 1994; Wilcox, 1994). Biofilm formation has also been implicated in 

gallstone formation and in the plugging of urinary catheters and biliary stents (Stickler 

et al., 1993; Stickler and Winters, 1994; Sung et al., 1992). 

Biofilms can be the cause of costly problems for many industries including the water 

industry. The costs are both direct and indirect. 

Direct costs include: - 

1. a decrease in product quality (Väisänen et al., 1994), 
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2. spoilage of product eg. in the food and paint industry (Holah et al., 1994; 

Eastwood, 1994), 

3. physical and chemical biofilm removal , 
4. increased maintenance requirements and the replacement of corroded pipelines. 

Indirect costs may be due to :- 

1. biofouling of pipes which increases frictional resistance, (McCoy et al., 1981), 

2. reduced efficiency due to decreased pipeline capacity (Shariff and Hassan, 

1985), 

3. increases in energy requirements (Picologou et al., 1980; Bott, 1994), 

4. the cost of research progranunes into the cause and successful elimination of 

biofilms which is also not inconsiderable. 

Microbial biofilms then, by their very nature, are extremely complex microbial 

ecosystems that are difficult to study by conventional microbiological techniques. They 

are often heterogeneous and may consist of bacteria, algae, and grazing protozoa which 

may display morphological features not usually associated with the microorganisms 

when grown in pure culture (Cloete et al., 1989). 

1.11. BIOFILMS IN WATER DISTRIBUTION SYSTEMS. 

Drinking water is not sterile. The main purpose of water treatment is to remove 

potential pathogenic microorganisms and to reduce turbidity (Mackerness et al., 1991; 

Hutchinson and Ridgway, 1977). There is a diverse range of microorganisms which can 

exist naturally within potable water systems, these usually occur as mixed consortia and 

may include bacteria, fungi, viruses, yeasts protozoa, diatoms and algae (Keevil et al., 

1989; Haudidier et al., 1988; Walker et al., 1991; Le Chevallier et al., 1987). The 

occurrence of biofilms within domestic and industrial aquatic systems is well 

documented (Costerton, 1984; Costerton et al., 1987; Le Chevallier et al., 1988; 

Colbourne et al., 1988). Biofilms within such systems create not only a hazard to health 
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by the harbouring of potential pathogens including L. pneumophila which may exhibit 

increased resistance to biocide treatment (Colbourne and Dennis, 1987; Keevil et al., 

1989; Vess et al., 1993), but can also be responsible for the deterioration of the quality 

of the water affecting its odour and taste (Le Chevallier and McFeter 1985; Haudidier et 

al., 1988). Biofilm formation occurs not only on the surfaces of the water distribution 

systems themselves, but may also occur on particulate matter which may be suspended 

within the system. It may also form on sediment or on the surfaces of algae or micro- 

crustaceans within a system (Herson et al., 1991). Metal oxidation and deposition and 

corrosion have also been associated with biofilms within distribution system pipework 

(Le Chevallier et al., 1987; Lee et al., 1980; Geesey et al., 1988; 1994; Sly et al., 1988, 

Gaylarde and Beech, 1989; Keevil et al., 1989; Walker et al., 1991). 

The use of polymeric materials to replace traditional plumbing materials has been on the 

increase for many years. The use of PVC (polyvinyl chloride) pipes within water 

distribution systems is commonplace within industrial, hospital and domestic systems 

(Vess et al., 1993). Organic compounds which leach from the surfaces of these 

components may provide a source of nutrients for those microorganisms which 

subsequently colonise them (Ashworth and Colbourne 1985; Pedersen, 1990; Rogers et 

al., 1991). Biofilm formation on such surfaces may lead to a rapid decrease in water 

quality and subsequent failure to meet the required standards (van der Wende et al., 

1988, Anon, 1982; 1983). Although there is a British standard (BS6920) for these 

materials, it is concerned with growth of microorganisms in the planktonic phase and 

does not take into account biofilm formation. Materials which perform satisfactorily in 

the laboratory may, when used in certain circumstances, allow microbial attachment and 

support subsequent growth. This may result from their use in combination with less 

suitable materials or where local conditions do not meet the required standard, for 

example, in large buildings where unlagged hot and cold water system pipework run side 

by side (Ashworth and Colbourne, 1987). 
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Rogers et al. (1990) compared a range of different materials used in plumbing systems 

for their ability to support the growth of microorganisms. Copper was the most resistant 

to biofilm formation whilst ethylene-propylene and latex were the most susceptible. In a 

similar study Bezanson et al. (1991) found that PVC was significantly more susceptible 

to colonisation than copper or brass. Despite the natural resistance of copper to biofilm 

formation, corrosion of copper pipework has been shown to be due to microbially 

mediated biodeterioration and this is a particular problem in certain Scottish hospitals 

which are situated in areas which are fed by soft water (Keevil et al., 1989; Walker et 

at., 1991). Dosing regimes with chlorine based biocides have, in some cases, lead to the 

failure of plumbing systems requiring costly replacement (Grosserode et. al., 1992; 

Keevil et at., 1989a). 

Regrowth or aftergrowth, are the terms used to describe the continued proliferation of 

potential pathogens in a water distribution system downstream of a treatment plant 

(Keevil et al., 1989b; Jaeggi and Schmidt-Lorenz, 1988; Power et al., 1988; 

LeChevallier et al., 1991). Regrowth, following microbial recovery from sub-lethal 

injury and biofilm regrowth or recontamination may be a consequence of the reduced 

effectiveness of biocide treatments (Wright et al., 1991; Le Chevallier et al., 1988; 

Yamamoto et al., 1991; Power et al., 1988). The effect of temperature is also an 

important factor in the regrowth of biofilms within water distribution systems, with 

periods of warm weather corresponding to increased incidences of bacterial growth (Le 

Chevallier et al., 1991). 

1.12. Biofilms and Legionella 

The growth of L. pneumophila in water systems is well documented (Wadowsky et al., 

1982; Wadowsky and Yee, 1985; States et al., 1987; Le Chevallier et al., 1987; Keevil 

et al., 1989; Marräo et al., 1993). Particularly at risk are cooling towers (Broadbent et 

al., 1991; Grabow et al., 1991), 54% of cooling towers examined in England and Wales 
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were found to be contaminated with Legionella (Colbourne and Trew, 1986). Other risk 

areas include the water distribution systems in large buildings such as hotels and office 

blocks and especially hot water supplies in hospitals 
, where nosocomial infection as a 

result of the presence of Legionella is not uncommon (Stout et al., 1992). In public 

buildings such as hospitals, where energy conservation and fears of scalding patients 

have resulted in the temperature of hot water supplies being lowered, incidences of 

Legionnaires' disease have occurred (Plouffe et al., 1983). Water tanks kept below 

60 °C are significantly more likely to be associated with L. pneumophila isolation 

(Vickers et al., 1987). 

Legionella has been shown to occur in the sediments which settle at the bases of cooling 

towers. It has often been found in association with both free living and encysted 

protozoa and in biofilms colonising pipework, showerheads and washers within water 

distribution systems (Colbourne et al., 1984; Schofield and Locci, 1985; Le Chevallier 

et al., 1987). States et al. (1985) and Vickers et al. (1987) found that certain metals and 

their corrosion products found in plumbing systems, notably iron, zinc, potassium, 

magnesium and calcium, also enhanced the growth of L. pneumophila. The construction 

material of the system and the working temperature of the system are also other 

important factors in the continued survival of L. pneumophila in water systems (Walker 

et al., 1993; Bentham, 1993). It has also been shown that Legionella associated with 

biofilms in water distribution systems has developed an increased resistance to biocides 

and can survive concentrations of chlorine which are lethal to coliform bacteria (Hsu et 

al., 1984; Kuchta et al., 1985). 

1.13. PREVIOUS BIOFILM STUDIES 

Previously the main areas of microbiological research in water distribution systems have 

concentrated on the problems associated with turbidity and coliform presence (Reasoner, 

1988). The difficulties associated with studying a water distribution system in situ 
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suggest that a model of such a system in the laboratory would be the most practical 

approach. Some model biofilm systems used in previous studies, have not effectively 

mimicked the natural systems because recirculating or closed loop systems have been 

used or nutrients have been added to the system (Lake, 1988; Hanalei et al., 1982). 

Addition of nutrient will result in the production of biofilms not representative of those 

in water distribution systems, since in the environment, biofilm formation often occurs 

in low nutrient conditions rather than in the relatively high nutrient concentrations often 

provided in the laboratory. 

Other investigations with L. pneumophila have included batch culture studies (Pine et 

al., 1979). Under these conditions L. pneumophila exhibited varying phenotypic 

characteristics. In batch culture the environment within the system is constantly altering 

as nutrients are utilised and the concentrations of metabolic products, which may be 

toxic to the microorganisms being studied, rise. Growth limiting factors may result in 

phenotypic variations which may not be representative of those found in the 

environment that the model system is meant to simulate. 

Continuous culture of microorganisms allows steady state conditions to be established in 

which microorganisms can grow at a constant rate in a maintained environment. 

Parameters such as oxygen concentration, temperature, nutrient concentration and pH 

can each be altered as necessary to resemble as closely as possible those in the 

environment being modelled (Herbert et al., 1956). Continuous culture studies of L. 

pneumophila have been carried out by Berg et al. (1984,1985) using nutrient enhanced 

media. Although these studies have increased our understanding of the biochemistry 

and physiology of L. pneumophila, they have not added to our knowledge of the way L. 

pneumophila obtains nutrients in the natural environment. Strains which have been 

grown on agar, differ from freshly isolated environmental strains, Wadowsky et al. 

(1984), suggest that L. pneumophila grown in a natural environment under low nutrient 

conditions exhibited increased resistance to biocide treatments when compared with L. 
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pneumophila isolated from solid culture media. It is therefore essential that the growth 

conditions of the microorganism in the laboratory resemble as closely as possible the 

conditions found in the environment. 

The model system chosen for use in this study was a continuous culture model biofilm 

system first developed by Keevil et al. (1987), to study dental plaque formation. This 

system had subsequently been used (Keevil et al., 1988; 1990; Rogers et al., 
1991; 1993) as a model water system to successfully develop aquatic biofilms including 

a virulent strain of L. pneumophila. Plans were kindly supplied by PHL, CAMR, for the 

in-house construction of the titanium head plate. The materials used, titanium and glass, 

were chosen for their chemical stability. The titanium head plate had ports which 

allowed easy insertion and removal of supports for biofilm formation. 

1.14 BACKGROUND TO THIS STUDY 

Although it is many years since Legionella was first isolated, it is still difficult to isolate 

and culture. It is now almost twenty years since the Philadelphia epidemic and 

Legionella still remains a cause of concern for public health authorities. Outbreaks of 

Legionnaires' disease still occur and cause deaths. Geographically isolated incidences of 

Legionnaires' disease may be the result of infection from the same source, the ease of 

travelling long distances in a short space of time means that a common source may not 

be quickly identified. The validity and cost effectiveness of routine sampling of 

potentially infective sources is questioned because-- 

" Legionella spp. are ubiquitous within the natural environment, 

" it is likely that there are still species as yet unidentified which may or may not be 

pathogenic, 

" the numbers of Legionella needed to infect a water system before there is a 

disease threatening situation, is still unknown 

" several species of Legionella may be isolated from sites within close proximity 
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to each other (Marne et al., 1992; Bezanson et al., 1992), and 

0 their presence does not necessarily cause disease (Fliermans et al., 1979). 

Where nosocomial infection is a serious potential problem to high risk patients, routine 

testing for Legionella is a sensible precaution (Liu et at., 1993). As stated earlier 

(Section 1.9. ) it has been established that L. pneumophila, although widespread within 

aquatic systems, cannot grow in sterile water. Biofilms in man made aquatic 

environments such as those within distribution systems provide ecological niches ideally 

suited to the survival and growth of L. pneumophila (Colbourne and Trew, 1986). It is 

clear that biofilm formation within such systems is of economic and epidemiological 

importance. Kutchta et al. (1985), suggested that infection of a system may occur by 

the seeding of a small number of L. pneumophila. Therefore, small numbers of resistant 

L. pneumophila surviving biocide treatment, can have important implications in the 

subsequent proliferation of L. pneumophila within water distribution systems 

particularly in hospitals where nosocomial infection is a problem for a susceptible 

population. A better understanding of the inter-relationships between L. pneumophila 

and other aquatic microorganisms within such a system may lead to more efficient 

eradication methods and a subsequent decrease in the incidence of Legionnaires' disease. 

The ability, therefore, of Legionella spp. to exist within man made water systems and 

man's inability to eradicate it successfully by either physical or chemical methods 

together with the problems involved with undertaking routine sampling as discussed 

above, mean that there are still many areas where there is a need for further research. 

A major problem for many laboratories wishing to handle L. pneumophila is that of 

containment. To investigate L. pneumophila within a water system means that there is a 

real risk for the researcher of being exposed to infected aerosols. Keevil et al. (1988; 

1989; Keevil, 1991), Rogers et al. (1991; 1993), use class III cabinets and positive 

laboratory pressure to house their chemostats in order to reduce the risks of aerosol 
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exposure to acceptable limits. Class III containment facilities are very expensive and 
have to be checked and maintained at regular intervals. 

1.15. AIMS AND OBJECTIVES 

1. In this research, an investigation was carried out into the feasibility of using an 
avirulent strain of L. pneumophila serogroup 1 in a model water system. 

2. Once it had been established that this avirulent strain was able to integrate into the 
biofilm and planktonic phases of the model system, further studies were carried out 
into the inter-relationships between L. pneumophila and other aquatic 

microorganisms. 

3. Successful integration of this avirulent strain allowed investigations to determine if 

this avirulent strain was suitable for safer evaluation of biocides for use in aquatic 

systems susceptible to L. pneumophila infection, without the need for extensive 

containment facilities. 

An initial study was undertaken therefore, to determine if an avirulent L. pneumophila 

could integrate into a model system containing a naturally occuring consortium of water 

distribution system microorganisms. Microorganisms within a continuous culture 

system must be able to multiply at least at the same speed as the dilution rate if they are 

not to be lost from the system, a process generally known as washout. Thus, in order for 

L. pneumophila to survive in a continuous culture system it must be able to replicate at 

the dilution rate. This is especially relevant in a model system containing a consortium 

of naturally occurring microorganisms, all competing for the low concentrations of 

nutrients that are available within the filter sterilised water used as the medium. This 

avirulent L. pneumophila had not previously been introduced into a 'natural' situation in 

which there is a mixed microbial community including bacteria and protozoa. 
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Chapter 2 presents an account of an experimental investigation into whether an 

avirulent strain would be able to survive when introduced into a model system 

containing a consortium of microorganisms isolated from the local water distribution 

system and whether this avirulent strain would integrate successfully into biofilms 

developed in this system. 

Heat treatment is routinely used to increase the recovery of L. pneumophila from 

environmental samples. Since it was not known if this attenuated strain would exhibit 

the same degree of heat tolerance; an investigation into the relative heat tolerance of this 

strain was also undertaken. 

The avirulent L. pneumophila serogroup 1 Pontiac (Corby Strain) used in this study was 

obtained by passage 32 times over BCYE (Jepras and Fitzgeorge, 1985). It was unable 

to survive in cultured alveolar macrophages, did not cause infection or death in guinea 

pigs exposed to the aerosolised avirulent L. pneumophila and had shown no reversion to 

virulence over a four year period (R. Fitzgeorge, personal communication). This 

attenuated strain had not however, been introduced into a mixed consortium of aquatic 

microorganisms where its continued survival would be dependent on virulence factors. 

A study was therefore carried out to determine whether this loss of virulence was stable 

in such a mixed consortium, this study is also described within chapter 2. 

In order to gain further insight into the proliferation of this microorganism in the 

environment a greater understanding of the relationship between virulence and L. 

pneumophila survival in natural systems is essential. If the hypothesis that L. 

pneumophila survives adverse conditions by replication within protozoa is true, then it 

follows that virulence is an important factor in the long term survival of L. pneumophila. 

It is not known whether the survival of Legionella within such an ecosystem is 

dependent on this relationship with protozoa. If this avirulent form of L. pneumophila is 

to survive then it must either revert to a virulent form or it must possess other 
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mechanisms of proliferation and survival. One of the goals of this study was to 

determine whether the survival of this L. pneumophila serogroup 1 Pontiac (Corby 

strain) once integrated into a continuous culture model biofilm system was linked to 

virulence. Studies were undertaken to establish whether the avirulent Legionella used in 

this study was able to infect and multiply within an axenic strain of Acanthamoeba 

polyphaga. Chapter 3 provides an account of this work. 

Legionella has also been shown to grow in association with other microorganisms, 

including cyanobacteria and bacterial species including Flavobacterium sp. which have 

been shown to support the growth of L. pneumophila on cysteine free media by 

producing extracellular-cysteine or a substitute. Bacterial members of the biofilm 

community were investigated to determine whether some of these were able to support 

L. pneumophila growth in batch culture and on cysteine free BCYE. An account of this 

work is presented in Chapter 4. 

To assess biofilm development, direct visualisation techniques are required. Chapter 5 

describes a comparative account of various methods which were carried out including 

the new techniques of atomic force microscopy and Hoffman modulation contrast 

microscopy. Methods for the direct detection of L. pneumophila within biofilms were 

also carried out. 

Chapter 6 presents an account of experimental work undertaken to determine whether 

this avirulent strain was useful in terms of a model for the virulent strain. Because of 

the obvious restrictions in the use of virulent strains of L. pneumophila in industrial test 

methods, the use of an avirulent substitute is particularly, appealing. The avirulent test 

organism must, however, show similar responses under test as the virulent L. 

pneumophila. The testing of biocides for use in water systems is an important area in 

industrial microbiology therefore, a comparative study was carried out on the effects of 

a biocide on L. pneumophila serogroup 6 and the avirulent strain. 
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CHAPTER 2 

THE INTEGRATION OF AN AVIRULENT L. PNEUMOPHILA INTO A MODEL 

BIOFILM SYSTEM. 
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