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EXECUTIVE SUMMARY

i BACKGROUND AND MOTIVATION

The presence of large numbers of Legionellae in water distnibution systems and
in industrial waters, including cooling tower environments, presents a potentially
senous health nsk to both workers and the general public. I is well known that
Legionella species are frequently isolated from South African industrial water
distribution systems and the prevalence of antibodies in the general public is high
(Bartie, 1994) No official guidelines exist in South Africa for the maintenance of
water distribution systems and for treatment of such systems contaminated with
Legionella. Treatment procedures currently available are expensive and only
successful in the temporary reduction of bacterial numbers. Although certain
biocides have been proven to be effective against Legionella in laboratory
conditions, their efficacy under field conditions has not been studied in detail. The
exact role of protozoa, especially in biofilm conditions, in the protection of these
organisms against biocide treatment is not clear and needs to be studied

Although standard methods for detection and identification of Legionella have
been formulated in the USA, Britain and Australia, such standards have not been
set for South Africa. As a result. local laboratories have been testing water
samples for the presence of legionellae, using a variety of methods that have not
been standardized. A recent interlaboratory study conducted by a number of
laboratories in South Africa and one in Britain, has confirmed this lack of
standardization among laboratories and identification methods used (Truscott,
1998). A general lack of quality control in the preparation of culture media was
also observed. This has in turn resulted in contradictory results regarding water
quality in industrial systems and a lack of confidence in local water testing,
specifically for Legionella. The organism apparently prefers biofim conditions
which further complicates current methods of detection and identification, as a
number of these methods do not make provision for analysis of such samples.

All the methods currently used in South Africa for the detection and guantification
of Legionella are conventional methods, dependent on the culturing of legionellae
prior to identification. These methods are reported to be time consuming and to
require special identification reagents and culture media as well as a high degree



of technical skill in their application. As mentioned, a distinct disadvantage of all
these methods is the fact that only information on the culturable fraction of the
organisms present in the sample will be possible. Advances in molecular
biothechnology and development of diagnostic applications of the polymerase
chain reaction (PCR) in particular, have recently enabled rapid and reliable
assays with many advantages over conventional culturing methods, including
their lack of dependence over the cultureability of the target organisms.

The presence of Legioneila spp. in cooling water systems has raised a number of
questions concerning their growth and survival. If legionellae can be prevented
from multiplying in cooling water systems, the probability of having an infective
dose is greatly reduced. Information on the factors controlling the multiplication
of Legionella in cooling water systems can facilitate efforts to control and
minimize the risk of infection. Considering the above background outline, the
following research objectives have been formulated

ii. Research objectives

1. Isolation of Legionella species present in South African industrial cooling
water systems.

= Evaluation of currently available identification and enumeration methods
using type cultures (ATCC) and isolated Legionella species.

3. Use and evaluation of standard PCR methods and commercial kits for the
identification and enumeration of Legionella.

4 Comparison of all methods in terms of cost, applicability to field conditions,
sensitivity, specificity and availability.

5. Correlation of Legionella species and free-living protozoa (identified to
species level) commonly found in industrial cooling water systems.

6 Determination of the ecology of Legionella in the biofilm and water phase
of cooling towers.

¥ Recommendation of guidelines for a standard method for detection of
Legionella in industrial water systems.
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SUMMARY OF THE MAJOR RESULTS AND CONCLUSIONS

The first stage of this project dealt with the optimization and comparison of
conventional culturing methods in our own laboratory. These experments
were carried out with the use of seeded samples, enabling us to control
and manipulate the experimental conditions. Numerous difficulties were
experienced in the culture of Legionella organisms from seeded samples
In general, there appeared to be a lack of consistency in the quality of
culture media. Batch-to-batch differences were observed in all the media
evaluated. buffered charcoal yeast extract (BCYE) agar without alpha-
ketoglutarate, often used for the most probable number (MPN) method,
was not suitable for the international standard (ISO) and Australian
standard (AS) methods because legionellae could not be differentiated
from non-legionellae colonies. Isolation and identification of Legionella
species by culture has been confirmed to be extremely time consuming
and labor intensive. Difficulties were experienced in obtaining media and
reagents, and quality control of culture media appeared to be a problem
Specific findings of importance were:

The sample concentration method may influence outcome of
Legionella culture from environmental samples.

The method used for re-suspension of organisms after membrane
filtration may result in considerable loss of organisms. In this regard,
sonication appears to be superior to vortex.

Pretreatment steps indicated in the ISO and AS methods further
decrease the number of organisms recovered in sterile as well as non-
sterile seeded samples.

The different types of supplements used in the various selective media
influence the efficacy of the distinction between legionellae and non-
legionellae on culture media.

Quality control of culture media is extremely important. This aspect
should be taken up with the relevant suppliers.

GVPC agar appears to be more selective than BMPA and MWY agar
The latex agglutination test is suitable for confirmation of legionellae
from agar media. It's applicability to colony suspensions from MPN
plates needs to be confirmed.
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The direct immunofluorescence test is easy to perform but is only
specific for L pneumophila SG 1-6 and L micdadei which may
decrease its sensitivity for environmental samples

Reproducibility of culture experiments is generally low.

In this study the MPN method was superior to the ISO and AS
methods for isolation of legionellae from non-sterile, seeded samples

Having established optimal conditions for common treatments and for the
different methods individually. with modffications where applicable, we set
out to compare the different methods with respect to applicability on
industnal water systems, with particular reference to cooling waters. This
study has confirmed that legionellae are highly prevalent in South African
cooling water systems. The evaluation of different culture methods
evaluated here, emphasized the importance of proper training of
laboratory personnel involved in evaluation of environmental samples for
the presence of legionellae. From this work, we propose a standard
methodology for use by South African laboratories in the isolation and
identification of legionellae from industrial water samples. Specific
findings of importance included:

For complex samples, selective media are more appropriate than a
non-selective culturing approach

Appropriate sample dilution reduces inhibition by non-legionellae and
simplifies legionellae isolation from complex samples.

Heat treatment is preferred over acid treatment where complex
samples with high microbial load is concerned.

The prevalence of legionellae in the industrial cooling water samples
tested was found to be high to very high.

The numbers of Legionella in most of these samples was found to be
high (>107)

L pneumophila SG 1-14 were the most prevalent species and were
present as single, or a combination of two or more serogroups in a
number of samples tested.

It is evident that Acanthamoeba and Naeglena species play a
supportive role in the replication and survival of legionellae.

v



3. In view of the advances in molecular biotechnology and the resulting
impact on biology in general and microbial ecology in particular, our next
objective had been to investigate the diagnostic application of the
polymerase chain reaction (PCR) for Legionella detection. Previously, a
PCR kit (Perkin Elmer) for the PCR detection of Legioneila had been
available commercially. This kit had been withdrawn from the market
since 1997, and we set out lo, in the absence of any other commercial
system, develop our own PCR method. Important findings were:

1) An effective PCR method for Legionella detection was developed

i) A hemi-nested PCR method for improved sensitivity and specificity
of the above method was developed.

iii) The PCR assays were shown to be most effective and sensitive if
used on pure culture dilutions, and may be used in a quantitative
manner if needed.

iv) Complex industrial and environmental samples may pose problems
with inhibition of the polymerase enzyme as well as through
template contamination. These factors can be expected to yeld
false negative results, if not addressed. Recommendations in this
regard are reported in the section dealing with technology transfer.

4. Our final objective had been to develop a method in order to obtain a
better understanding of the ecology of Legionella in cooling water
systems, inclusive of the role of factors such as substrate availability, pH
temperature and the likely symbiosis of Legronella with specific groups of
other microflora. Important results were:

1) A novel method was developed and tested for the investigation of
the role of specific external influences on the ecology of Legionella
in cooling water systems.

i) An adaptabilty of Legionella spp. 1o an unexpectedly broad pH
range was demonstrated and it was concluded that manipulation of
cooling water pH would not be a viable control strategy for
Legionella.

i) The specific symbiotic role of cyanobactena was demonstrated,
leading to a recommendation that the control of these prokaryotes
should be part of the development of control strategies for
Legionella



iv.  ACHIEVEMENT OF OBJECTIVES

All the set objectives (01-O7) had been achieved. The first of these dealt with
the isolation of Legionella species present in South African industrial cooling
water systems (O1) and the evaluation of currently available identffication and
enumeration methods using type cultures (ATCC) and isolated Legionella
species (02). These results are discussed in Chapters 2 and 3.

The use and evaluation of standard PCR methods and commercial kits for the
identification and enumeration of Legionella (O3) as well as the development of
new applications of PCR is discussed in Chapter 4.

A correlation of Leglonella species and free-living protozoa commonly found in
industrial cooling water systems (05) is discussed in Chapter 3. In view of their
huge numbers, it proved impossible to identify these organisms to species level,
as was originally proposed in our objectives. A novel method and the application
thereof towards a study of the ecology of Legionella in the biofilm and water
phase of cooling towers (O6) is discussed in Chapter 5.

Our comparnson of all methods in terms of cost, applicability to field conditions,
sensitivity, specificity and availabilty (O4) is summarized in Chapter 3.
Recommendation of guidelines for a standard method for detection of Legionella
in industrial water systems (O7) are given in the execulive summary in the
section dealing with technology transfer (next).

v. RECOMMENDATIONS FOR FUTURE RESEARCH AND TECHNOLOGY
TRANSFER

P Polymerase chain reaction (PCR): This method is a sensitive and rapid
technique for detection of pathoegenic organisms (including those that may
be non-culturable) in industrial and environmental water samples. We
have developed a PCR assay and improved this assay by development of
a hemi-nested follow-up protocol (Chapter 4). However, one of our main
problems was to eliminate the possibility of inhibition of the polymerase
enzyme by chemicals or other inhibitors present in the vast spectrum of
different environmental/industrial samples which may require Legionelia
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testing. The PCR assay is known to be prone to inhibition from organic
chemicals, such as humic acids, present in environmental samples
(Palmer et al. 1993). In order to overcome inhibition, DNA purification and
sample dilution could be performed. These methods proved to be
successful in purification of DNA from environmental waters, however,
DNA extraction methods are labor Intensive and sensitive to
contamination.  Dilution of the sample would also lead to reduced
sensitivity of the assay, and even false-negative results In routine
diagnostics simple and effective purffication techniques are required
because of the number of test samples. Future research may still further
improve these methods and the following is proposed:

Immunomagnetic separation (IMS) is a simple but powerful technique to
extract bactena from various samples before subsequent detection is
performed. The technique relies on magnetic separation of target cells
bound to specific ligand coated paramagnetic particles. The particles
consist of an even dispersion of magnetic material (Fe203 and Fe304),
allowing the particles to become magnetic only in the presence of an
external magnetic force. These magnetic beads is also coated with a thin
polymer shell which encases the magnetic matenal, thus protecting the
target from toxic exposure from iron as well as providing a defined surface
for adsorption or coupling of various molecules. Several magnetic solid
phases are commercially available. Common to all of these particles is
that specific ligand molecules could be attached to them, enabling target-
specific binding and isolation. The most frequently used particles are
immunoglobulins (Ig) directed at surface epitopes on the target organism.
Both polyclonal and monoclonal antibodies have been employed in IMS
(Lund et al. 1988, Luk et al. 1991). The primary antibody could be linked
either directly to the magnetic beads (direct approach) or via a secondary
antibody directed against the primary (indirect approach). There are
several advantages towards using IMS before detection: (1) The target
organisms are concentrated from a larger sample volume to one suitable
for the specific detection assay (culture or molecular based) (2) cells
remain viable and unchanged after separation, thus enabling normal
culturing. (3) the removal of inhibitory substances present in the sample
.enhances the cultivation of bead-bound bactena and facilitate
amplification of target DNA sequences by PCR  The technique is however
limited by the requirement for antibodies against surface epitopes on the
target organism.

Vil



vi.

Culture methods: A standard methodology, based on a modification of
the ISO method, is proposed for the culturing of legionellae from industrial
water samples in South Africa (Chapter 3).

Legionella action group (LAG): It is recommended that LAG of South

Africa be involved in the dissemination of the methods and proposals of
this report as part of the technology transfer action

RESEARCH OUTPUTS

. Legionella Wdentification from environmental samples: a progress

report. FuturePath ‘98 Conference, 3 July 1998, Pretoria
Legionella identification from environmental samples. Second
South African Legionella Seminar, 16 February 19898, Johannesburg. (Also

presented in Cape Town and Pietermaritzburg — sponsored by the Water
research Commission).

NCOH Research Progress reports, 1997-1998.

Detection of Legionella in industrial and environmental waters, using the
Polymerase Chain Reaction, University of Venda, October 1998

The Legionella Project: Final Report (presented at NCOH
Research Forum, 3 June 1999)

Distribution of the Legionella action group (LAG) newsletter.

Presentation at LAG meeting, 28 Apnl 1999 (final progress report).
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CHAPTER 1

INTRODUCTION

1.1 THE GENUS LEGIONELLA

Members of the genus Legionella are characterized as motile, aerobic gram
negative bacilli, approximately 0.3-09 pm x 1-20 pm in size (Brenner et al.
1984). Energy and carbon are derived from amino acid metabolism, and not
from carbohydrate fermentation or oxidation. Culturing in a laboratory setup can
only be achieved by means of specialized growth media such as buffered
charcoal yeast extract agar (BCYE). Currently, there are approximately 39
species and 61 serologically distinct groups in this genus.

It has been suggested that protozoa, especially Amoeba species, play a
supportive role in the survival and multiplication of Legionella and may act as
natural hosts and amplifiers for the organism (Wadowski 1993) Legionella
species have been recovered form amoebal cysts treated with 50 ppm chlorine,
suggesting a role for these protozoal organisms in the survival of Legionella
during unfavourable environmental conditions.

1.2 LEGIONELLOSIS AND LEGIONNAIRES' DISEASE

Legionellosis is a collective term to describe two distinct disease patterns caused
by species of the genus Legionella: Legionnaires’ disease, the severe pneumonic
form, and Pontiac fever, with symptoms resembling the common flu. These two
forms were named after the first documented outbreaks in Philadelphia (McDade
et al. 1977) and Michigan (Kaufmann et al. 1981) respectively, in the United
States during the late 1970's. Advances in development of growth media during
the early 1980's made isolation and characterisation of this group of organisms
possible

Currently, 18 or more species of the genus Legionella have been implicated in
human disease. The US Centres for Disease Control estimates that more than



85% of all cases of Legionella pneumonia are caused by a single species,
namely L pneumophila, of which serogroup 1 is the most prevalent agent. The
bactennum muiltiplies intracellularly in human blood monocytes and alveolar

macrophages.

There is presently no definite correlation between disease occurrence and the
number of legionellae present in any given water sample. Generally, monitoring
is only carried out to identify the source of an outbreak of legionellosis.

1.3 LEGIONELLA N SOUTH AFRICA

Very little has been published on Legionefla in South Africa. After the initial
introduction of diagnostic laboratory tests in 1979, cases were identified in
Durban, Port Elizabeth and Johannesburg during the early 1980's. The first fatal
case was diagnosed at autopsy and reported in 1980 by Goldstein et al. from the
National Centre for Occupational Health (NCOH). By 1982, sera from 2200
pneumonia patients have been tested and 10% of these cases were confirmed
as having Legionnaires’ Disease. This figure was confirmed in hospitalised
pneumonia patients in a study published by Maartens ef al. in 1994, Despite the
high prevalence of antibodies in the South African general public and workers in
the mining industry (Bartie 1996, Ratshikhopha 1990), only one outbreak has
been reported to date. This affected 12 patients in a Johannesburg hospital

In terms of Section 45 of the Health Act of 1977 (Act No. 83 of 1977),
legionellosis has been added to the list of notifiable diseases in South Africa in
January 1990. Medical practitioners are therefore responsible for reporting all
confirmed legionellosis cases to the Department of Health. Despite this
responsibility, there appears to be gross underreporting of cases in South Africa.
In fact, only 31 cases of legionellosis have been reported in the country to date.

As far as environmental legionellae are concerned, a study published in 1991
indicated the presence of Legionella species in 77% of 50 cooling towers tested,
although only 4%of these yielded bacterial counts in excess of 2200 colony
forming units per millilitre (cfu/ml).

The genus Legionella is classified as a Category 2 biological hazard (Draft
Regulations for Hazardous Biological Agents, Occupational Health and Safety
Act, No. 85 of 1993). Organisms in this category can cause human disease, may
be a hazard to employees, and may spread to the community. Although there is



usually effective prophylaxis or treatment available for organisms in this
Category, the onus is on the employer to follow the necessary containment
measures outlined in the Regulations.

14 LEGIONELLA DETECTION

Classical detection procedures relied on inoculation of susceptible guinea pig
hosts (McDade et al. 1977), which proved to be quite selective but very
expensive and time consuming. These methods were soon replaced by culture
and identification on a variety of agar media, with subsequent uddition of a
number of sample pretreatment methods to reduce heterotrophic growth.

1.4.1. Detection by Culture

There are presently two widely accepted standard methods for identification,
namely the International- and the Australian Standard, described below. In South
Africa, an adaptation of the Most Probable Number method, commonly used for
detection of coliforms in water, is also used.

The Draft International Standard (ISO/DIS 11731), accepted by most countries
as a standard method in 1994, is used to demonstrate the presence of
confirmed Legionella species in the majority of environmental sample types,
ranging from water to biofilm and sediment. Water samples are concentrated by
centrifugation or membrane filtration, and biofilm and sediment or scale samples
are normally diluted before testing. To reduce the growth of unwanted, non-
legionellae organisms, a portion of the sample is subjected to heat treatment and
another to acid treatment before culture. Treated and untreated portions are then
inoculated onto plates of agar medium and incubated aerobically at 37°C for up
to 10 days. After incubation, morphologically characteristic colonies (reported as
‘presumptive’ legionellae) are tested for cysteine dependence. For species
identification, either direct immunofluorescence, latex agglutination or
biochemical tests can be used. Agar media used for this method are buffered
charcoal yeast extract (BCYE) as non-selective and GVPC agar as selective
medium.

The Australian Standard (AS 3896-1991) is applicable to water samples only
and has not been used in South Africa to date. Samples are concentrated by
centrifugation or membrane filtration, before inoculation onto a number of



selective and non-selective agar media, either as untreated or heat treated
portions. Acid treatment is only used for highly contaminated samples. Cultures
are incubated aerobically for up to 10 days at 37°C. Confirmation of Legionella
species is done by cysteine dependence, latex agglutination, direct or indirect
immunofiuorescence. Resulls are reported as an estimated number of
confirmed legionellae in the original sample. Culture media used are BCYE (as
non-selective) and MWY and BMPA as selective media.

The Most Probable Number (MPN) is a quanttative method, adapted for
enumeration of Legionella in water samples by workers at the CSIR (Grabow et
al 1991). This method does not make provision for testing of biofilm or sediment
(scale). After concentration by membrane filtration, appropriate serial dilutions
are made and inoculated in triplicate onto BCYE agar plate. No selective media
or sample pretreatment steps are included in the method. After incubation,
aerobically at 37°C for three days, a representative smear from each plate is
stained by direct immunofiuorescence (DFA) Plates are recorded as positive
when they contain morphologically typical Legionella colonies and yield a positive
DFA test. MPN statistical tables are used to calculate the number of Legionella
organisms in the original sample, and are usually reported as presumtive
Legionella.

Supplements necessary for Legionella growth are summarized in Table 1.1

BCYE agar is used as basic medium and supplements are added to selective
media as summarized in Table 1.2.

Table 1.1: Basic supplements in Legionella media

Supplement Function Present in

Charcoal Legionellae are sensitive to relatively low levels or peroxides and BCYE
superoxides that are generated by media exposed to light. Activated BMPA
charcoal prevents these reactions and detoxifies media from reduced GvPC
forms of oxygen. It also prevents free radical-associated oxidation of MWY
cysteine, an essential growth factor for legionellae.

Lcysteine  Normally added to agar media as a chelating agent, but in the case of BCYE
legionellae it acts as a required amino acid and not a chelating or BMPA
reducing agent GVPC

MWY

Potassium  Polassium hydroxide is necessary for protein synthesis. Because the  BCYE

hydoxide addition of sodium, even in the small quantities used for pH adjustment, BMPA
can reduce growth of legionellae, KOH should also be used for this GVPC

MWY

purpose.



Alpha- ~In general, alpha-ketoglutarate increases the isolation rate and viability  BCYE

ketoglutarate  of organisms on agar media but may have an inhibitory effect in broth BMPA
media. BCYE agar without alpha-ketogiutarate is normally used for the GVPC

MPN method. MWY

Iron A trace element which plays a regulatory role in a number of BCYE
fermentation processes BMPA

GVPC

MWY

ACES buffer  Addition of buffer with a pK at optimal pH for Legionella growth, ACES ~ BCYE
buffer is normally added to culture media. but any other suilable buffer BMPA

can be used instead. GvPC

MWY

Table 1.2: Selective supplements in Legionella media

BMPA GVPC MWY

Anisomycin + -

Cefamandole + -

Cydloheximide - + .
Glycine - + .
Polymyxin B + + +
Vancomycin - + +
Bromocresol purple - - +
Bromothymol blue - - +

Presumptive identification of legionellae i1s done as follows: Morphologically
characteristic colonies are inoculated onto BCYE agar (containing cysteine) and
blood- or nutrient agar as negative control, and incubated aerobically at 37°C.
Colonies growing only on BCYE are regarded as cysteine dependant and are
reported as presumptive legionellae. Confirmation and species identification are
done by two methods, summarized below.

Direct immunofluorescence is most often used for confirmation of Legionella
species from environmental samples and is specific for L pneumophila SG 1-6
and L micdadei. The test is simple to perform but interpretation requires a fair
amount of experience, especially in highly contaminated samples. Antigen from
the sample is heat- or acetone- fixed on a microscope slide and covered with



fluorescein-isothiocyanate (FITC) labeled globulin. Antigens in the sample bind to
the labeled globulin and the resulting antigen-antibody complexes are wisible
under UV light.

A commercially available latex agglutination test was evaluated in addition to
direct immunofluorescence. Reagents supplied are specific for L pneumophila
SG 1, L pneumophila SG 2-14 and Legionella species. These include L
longbeacheae SG 1-2, L bozemannii SG 1-2, L dumoffii, L gormanii, L jordanis, L
micdadei and L anisa The test is recommended for confirmation of
morphologically characteristic colonies on agar media.

1.3.2. Detection by Polymerase Chain Reaction (PCR)

PCR based detection strategies normally display a high degree of sensitivity as
well as specificity (although the latter may depend on primer design as well as
the target area). Sensitivity of a PCR-based detection strategy can be influenced
by numerous variables including the effectiveness of cell lysis, DNA availability,
competition from non-target DNA and inhibition of the reaction by inhibitors
present in the sample.

In past PCR based Legionella detection studies (and more specifically L.
pneumophila) a previously commercially available system was mainly used
(1,2,3): the EnviroAmp Legionella kit (Perkin Elmer Corporation, Foster City,
California). Using this system, DNA from the genus Legionella as well as L.
pneumophila could be detected in environmental water samples. This was done
by means of a multiplex PCR system targeting both 5S ribosomal RNA (detection
of the genus Legionella) as well as a chromosomal gene, the macrophage
infectivity potentiator or mip (detection of L. pneumophila).

The claimed sensitivity of the Perkin Elmer EnviroAmp system is about 100 to 1
000 organisms in 10 ml of the original water sample. This was determined by
spiking known numbers of organisms in tap water followed by prescribed sample
preparation, PCR and probing procedures. Some workers made alterations to the
prescribed protocol by increasing sample volumes, reduction of DNA extraction
reagent (guanidinium-thiocyanate based) and increasing the number of
amplification cycles (Oshiro et al 1994).

Probing strips was used to give semi-quantitative results, with ranges of (a)
between 10 and 1000 detectable organisms, (b) approximately 1000 organisms



and (c) more than 1000 organisms. This was based on the detection of the
subsequent amplified product by means of a reverse dot-blot procedure using
probes immobilized on a nylon strip membrane. Hybridized biotinylated PCR
product is detected calorimetric using the enzyme conjugate, horseradish
peroxidase-Strepavidin (HRP-SA) followed by the HRP substrate.

In view of the withdrawal of the Perkin Elmer Legionella PCR kit and the absence
of any other such commercial systems, it was our aim to develop a PCR method
for Legionella detection and to compare this method to other established
methods for Legionella detection. In our study we decided to use a hemi-nested
based PCR assay, which provides a rapid and sensitive alternative to probing,
and more cost effective than nested PCR using two new internal primers. In this
approach, the effect of inhibition could also be circumvented by means of dilution
of the PCR inhibitory substances.



CHAPTER 2

EVALUATION OF DETECTION METHODS:
SAMPLES SEEDED WITH LEG/ONELLA

21 INTRODUCTION

Standard methods for isolation and identification of Legionella species from
environmental samples have been formulated and used in the USA, Britain and
Australia. Such methods are however not available in South Africa. As a result,
local laboratories have been using a number of non-standardized methods to
detect legionellae in water samples, which in turn resulted in contradictory results
regarding water quality in industrial systems and a lack of confidence in local
water testing for Legionella species. This lack of standardization has been
confirmed during a recent interlaboratory study (Truscott M, 1998).

During the study, the currently available standard methods used in Britain and
Australia, (the ISO and AS methods respectively) as well as the MPN method, is
summarized in Chapter 1.

2.2 MATERIALS AND METHODS

The general procedure followed for evaluation of identification methods is
outlined in Figure 2.1.

2.2.1 Type strains

Type strains used throughout the study were obtained from the American Type
Culture Collection (ATCC) and maintained under normal laboratory conditions.
Freeze-dried cultures were reconstituted in 0.5 ml sterile distiled water and
aliquots of 0.1 ml were stored at ~20°C until required. Strain viability and purity
was tested by inoculation onto BCYE agar and incubation, aerobically, at 37°C
for 3-5 days. Cultures were stored at 4°C. Type strains obtained were L
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pneumophila serogroup 1 (ATCC 33152), L micdadei (ATCC 33218) and L
dumoffii (ATCC 33279).

2.2.2 Samples evaluated
Seeded samples evaluated are listed in Table 2.1 and consisted of sterile and

non-stenle tap-, cooling- and makeup water as well as biofim seeded with L
pneumophila (ATCC 33152).

Table 2.1: Samples evaluated

Number Sample identification
1 Sterile tap water seeded with L pneumophila
Sterile cooling water seeded with L pneumophila
Sterile make-up water seeded with L pneumophila
Non-sterile tap water seeded with L pneumophila
Non-sterile cooling water seeded with L pneumophila
Non-sterile make-up water seeded with L pneumophila
Biofilm seeded with L pneumophila
Biofilm seeded with L pneumophila
Water sample collected with seeded biofilm
Water sample collected with seeded biofilm
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2.2.3 Sample inoculation (seeding)

Cultures of the type strains, stored at 4°C, were sub-cultured onto fresh BCYE
agar plates and incubated as described above. To prepare a stock solution, 5 mi
sterile distilled water was inoculated with this culture, to an optical density of 0.1
(620 nm) representing approximately 8x10” organisms per ml, as determined
previously by colony counts on BCYE agar. The final seeding was done by
inoculating 5 ml of this stock into 500 ml of water and was followed by
concentration and pretreatment as required for each method evaluated, unless
otherwise stated.

A reactor for the generation of biofilms was established in the laboratory. The
system consisted of a modified Pedersen device connected to a 5-liter reservoir
through which water, obtained from an industrial cooling system, was



continuously circulated, to form a biofilm on glass microscope slides. The system
was operated at 37°C. Using phase contrast microscopy, biofilm formation on the
slides was monitored daily. After establishment of the biofilm, the system was
seeded with a pure culture of L pneumophila. The biofim slides, and water
circulated through the Pedersen device, were screened for the presence of
legionellae. Biofilm slides were placed in sterile distilled water and sonicated for
10 minutes to dislodge biofilms from slides. The water samples were
concentrated by membrane filtration followed by sonication

2.2.4 Sample concentration

Water samples were concentrated by membrane filtration, using a 3-piece PVC
manifold (Millipore SA, Johannesburg, RSA) and cellulose membranes with a
pore size of 0.45 ym (Millipore SA). Filter cups were sterilized by autoclaving for
30 minutes at 132°C prior to use. After concentration, the membranes were
aseptically removed, placed into sterile containers with 10 ml sterile distilled
water. In cases where samples could not be processed immediately, these
concentrates were stored in the dark at room temperature for no longer than 2
days. To evaluate the effect of sample concentration on recovery of organisms,
sterile tap water was seeded with L pneumophila as described above and
concentrated by membrane filtration. The membrane was placed in 10 ml sterile
distilled water and mixed by vortex for two minutes. Serial dilutions were made
from concentrated and unconcentrated portions, plated out onto BCYE, GVPC
and MWY agar plates in duplicate and incubated as usual. The effect of sample
concentration method was evaluated by seeding sterile tap water with L
pneumophila, concentrating one portion by membrane filtration as before, and
centrifuging the other portion at 6000 x g for 10 minutes. The sediment was
resuspended in sterile distilled water, serial dilutions were made and inoculated
onto BCYE agar in duplicate.

2.2.5 Re-suspension of organisms

Organisms in concentrates were re-suspended by vortex for a minimum of two
minutes, until membranes appeared free from any deposit. During Apnl 1998 an
ultrasound tank was obtained, where after sample concentrates were sonicated
for 10 minutes to rémove bacteria from membranes.



2.2.6 Sample pretreatment

Acid buffer was prepared by adding 39 ml of a 0.2 mol/l hydrochloric acid
solution to 25 ml of a 0.2 moll solution of potassium chloride in a dark container.
The pH was adjusted to between 2.0 and 2.2.The solution was stored at room
temperature, for no longer than one month

Acid treatment was done as follows: 1 ml of sample concentrate was
centrifuged at 3000 rpm for 30 minutes, 0.5 ml of the supernatant was removed
and the sediment re-suspended in the remaining 0.5 ml of supernatant by vortex.
To this, 0.5 ml acid buffer was added, gently mixed by inverting and left to stand
at room temperature for S minutes. Serial dilutions were made and culture media
inoculated immediately afterwards.

For heat treatment, 1 ml of the sample concentrate was heated in a water bath
at 50°C for 30 minutes. Serial dilutions and agar inoculations were done
immediately after incubation.

The effect of sample pretreatment by acid and heat was studied on seeded
sterile and non-sterile tap-, cooling- and make-up water samples. Seeding,
sample concentration and pretreatment steps were carried out as described. Re-
suspension of bacteria after membrane filtration was done by sonication for 10
minutes.

2.2.7 Agar inoculation

Culture media were obtained from the Media Department of the South African
Institute for Medical Research or were prepared using Oxoid supplements. Serial
tenfold dilutions were made in sterile distiled water. Culture media were
inoculated with 0.1 ml of each dilution, starting from the highest to the lowest
dilution to prevent accidental carry-over of organisms, as outlined in Figure 2.1
Plates were placed in plastic bags to avoid drying out and were incubated
aerobically at 37°C for one week.

The three BCYE plates inoculated with the untreated portion were used for DFA
(as required for the MPN method). The mean colony count from these plates was
used to determine the number of colony forming units per milliliter (cfu/ml) of
sample concentrate. GVPC plates were inoculated as required for the ISO
method and BMPA and MWY plates, for the AS method.
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Figure 2.1 : General procedure for methods evaluation
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228 Cysteine dependence

Morphologically characteristic colonies on agar media were tested for cysteine
dependence (CD), by inoculating BCYE- and nutrient agar plates and incubating
these until growth was observed on BCYE agar. Colonies growing on BCYE but
not on nutnent agar were regarded as cysteine dependent (i.e. cysteine required
for growth), reported as presumptive legionellae and confirmed by direct
immunofluorescence and/or latex agglutination.

229 Direct immunofluorescence (DFA)

For the MPN method, representative smears were made from each of the three
BCYE plates of each dilution. For the ISO and AS methods, only CD positive
colonies were confimed by DFA. Suspensions were made in 05 ml sterle
distilled water. Of these, 5 ul was placed onto a 12-well glass microscope slide
(heavy teflon coated, autoclavable, 12 x 4 mm wells per slide, Sterlab Services,
Johannesburg), air dried and heat fixed. 5 pl of DFA reagent (L pneumophila SG
1-6 and L micdadei polyvalent conjugate A, Sterilab Services) was added and the
slides incubated at 37°C in a moist chamber for 30 minutes. After incubation, the
slides were rinsed twice for 10 minutes in PBS (pH 7.6), air dried and mounted in
buffered glycerol (Sterilab Services). Slides were read on an Olympus Model
BH2 standard fluorescence microscope, equipped with an HBO-100 mercury
incident light source. Observations were made under a dark field using 10 x
ocular, 100 x objective, oil immersion lenses. Only strongly fluorescent, typical
organisms were reported as DFA positive.

2210 Latex agglutination

Cysteine dependant colonies were confirmed using the Oxoid Latex Agglutination
Kit (CA Milsch, Krugersdorp, RSA). The test was carried out according to the
manufacturers' instructions.

221 Recording of results

Colony counts were performed on all agar media in each of the portions. For the
ISO and AS methods, only counts of confirmed (i.e. CD and DFA and/or latex
positive) colonies were recorded. The number of non-legionella colonies on each
plate was recorded, wherever possible. For the MPN method, DFA results for
each dilution were recorded (i.e. DFA positive plates were not further confirmed)



Overgrown plates were recorded as yielding a colony count >300. For final
calculations, colony counts between 30 and 300 were used. Where <30 colonies
were observed in all dilutions, the number of colonies in the highest dilution was
recorded.

2212 Calculations
Cfu/ml was calculated as follows.

Cfuu/mi = CxDxl'QxIQ

Where C = colonies counted
D = dilution used for colony count
V = volume of concentrate

2.3 RESULTS AND DISCUSSION

2.3.1 Effect of sample concentration on recovery of organisms

The effect of sample concentration by membrane filtration on recovery of L
pneumophila from sterile, seeded tap water is illustrated in Figure 2.2. Data
represented in this graph is shown in Table 2.4. These results indicate a 60.0%
recovery of organisms on BCYE agar, 54.5% on GVPC agar and 49.6% on MWY
agar, after sample concentration by membrane filtration using 0.45 pym pore size
cellulose membranes, followed by vortex for two minutes to re-suspend
organisms. The selectivity of the culture media used in this experiment did not
influence recovery of organisms significantly.

Factors like wrinkles, brittleness of the filters, hydrophobic or non-wetting areas
in the filters, composition of filter material and/or inhibitory compounds on filters,
may affect the accuracy of recovery of bacteria from water samples through
membrane filtration. Blocked pores, abnormal pore structure, or electrostatic
interactions may also inhibit recovery (Brindle et al. 1993).



The Centers for Disease Control (Atlanta, GA) recommends using 0.2-uym-pore-
size, polycarbonate membrane filters for recovery of legionellae from water.
South African laboratories, however, make use of cellulose filters with pore size
0.45um. Our results correlate well with those of other workers, who reported
recovery rates between 39% and 93% from environmental samples, depending
on the type of membrane filter and pore size used (Wolford ef al. 1988).
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Figure 2.2: Effect of utﬁ;b concentration on recovery of organisms

23.2 Effect of sample concentration method on recovery of
organisms

Membrane filtration is widely used as a concentration method for legionellae from
environmental samples. This method however becomes difficult to apply with
very dirty water samples and those containing certain biocides when filtration
may take long. Organism recovery may also be influenced by the method used
for re-suspension after filtration.
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The effect of sample concentration method on recovery of organisms from stenle
tap water seeded with L pneumophila was therefore studied Results are
illustrated in Figure 2.3 (data shown in Table 2.5 Appendix A). Membrane
filtration was done as described above and was followed by vortex for 2 minutes
Centrifugation was done, as recommended by the ISO and AS methods, for 10
minutes at 6000x g. No sample pretreatment steps were included in the
experiment. An organism recovery rate of 14.4% in the filtered portion and 35.4%
in the centrifuged portion was found.

Comparnisons of concentration methods by other worker:. yielded contradicting
results. Brindle et al (1987) reported the optimum speed and time for
centrifugation to be 6000 x g for 10 minutes, with a recovery efficiency of 43%
from seeded samples. He found a good correlation between centrifugation and
membrane filtration through 0.45 ym nitro-cellulose membranes in terms of
sensitivity and quantification, with centrifugation having the added advantage of
saving on time and effort. Boulanger et al. (1995) however reported the best
organism recovery with filtration using flat membranes and Voss and colleagues
(1984) reported recovery efficiencies of both centrifugation and filtration to be
very low (ranging between <10 and 20%)

Unconcentrated Centrifuged Firered
Concentration Method

Figure 2.3: Effect of Concentration Method on Organism Recovery



2.3.3 Organism recovery from sterile seeded water samples

Data presented in Figures 2.4 to 2.6 are shown in Table 2.6 (Appendix A) and
represent results obtained from sterile tap-, cooling- and makeup water samples
seeded with L pneumophila. Cooling- and makeup water samples were obtained
from an industrial source and autoclaved at 132°C for 20 minutes before seeding.
After concentration by membrane filtration organisms were re-suspended by
sonication for 10 minutes. The results represent confirmed legionellae.

In the absence of sample pretreatment, organism recovery from all the samples
was high (ranging between 85.9% in the tap water, 89.7% in the make-up and
>100% in the cooling water) on BCYE agar. The use of selective media resulted
in a significant decrease in organism recovery, which ranged from 6.8-48.7% on
BMPA, 42.3-57.7% on MWY and only 3.1-6.7% on GVPC, depending on the
sample type. Of the selective media, MWY agar was thus most sensitive in the
untreated portion and GVPC agar was most selective. A possible explanation is
the addition of cycloheximide to GVPC agar, a selective supplement not present
in any of the other culture media. These resulls correlate well with previously
published studies (Kusnetsov JM ef al. 1994). Acid treatment resulted in a further
9.0% loss of organisms on BCYE, 3.9% on BMPA and 3.5% on GVPC agar
Organism recovery after heat treatment was negligible on all the culture media.
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Figure 2.4: Organism recovery from sterile seeded samples (untreated portion)
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Figure 2.5: Organism recovery from sterile seeded samples (acid treated)
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Figure 2.6: Organism recovery from sterile seeded samples (heat treated)



2.3.4 Organism recovery from non-sterile seeded water samples

Results from non-sterile seeded water samples are illustrated in figures 2.6-29
(Table 26, Appendix A). The recovery rate of confirmed legionellae was
considerably lower in these samples than in sterile samples, as a result of the
high number of non-legionellae present. Organism recovery on BCYE agar
ranged from 23.1-38.5% in the untreated portion, in makeup- and cooling water
respectively. The reason for recovery of only 8.1% from non-sterile tap water
(BCYE, untreated portion) is unclear. This sample yielded no legionellae after
acid- and heat pretreatment, on any of the culture media. Heat treatment
decreased organism recovery with 25.7% in the cooling water and 13.2% in the
makeup water, and with 38.3% and 10.3% respectively after acid treatment.

As with the sterile samples, GVPC appeared to be most selective for all the
samples and pretreatment methods tested. A possible explanation is the addition
of cycloheximide to GVPC, a selective supplement not present in any of the other
media. MWY was more appropriate in untreated sample portions, whereas
BMPA vyielded slightly more confirmed legionellae in the acid treated portions of
all samples tested. There was no significant difference in organism yield between
the various culture media after heat treatment.
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Figure 2.7: Organism recovery from non-sterile seeded samples
(untreated)
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Figure 2.8: Organism recovery from non-sterile seeded samples
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2.3.5 Comparison of organism recovery by ISO, AS and MPN methods

Figures 2.10 to 2.12 illustrate a comparison between the three methods
evaluated for recovery of organisms in seeded samples. In general. organism
recovery was better in sterile samples when using the 1ISO and AS methods, both
without pretreatment and after acid treatment, on non-selective agar (BCYE)
Organism recovery from sterile seeded samples was very low after heat
treatment.

In non-sterile samples, however, the MPN method proved more sensitive. This
may be explained by the fact that legionellae may have been overgrown or
inhibited by other organisms when using other methods, or may have been
overlooked due to similarities in colony morphology with non-legionellae.

2.3.6 Organism recovery from seeded biofilm samples

Results obtained from the experiment with seeded biofim samples are
summarized in Table 2.9 (Appendix A). There were no significant differences in
organism recovery from biofilm and water collected from the Pedersen device
simultaneously. Results from the MPN and I1SO and AS methods were similar,
with a decrease in yield with the use of selective media. Acid treatment
decreased the recovery further, whereas heat treatment did not have a significant
effect on recovery in either non-selective or selective media.
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Figure 2.10 : Organism recovery from seeded tap water (MPN, 1ISO & AS)
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Figure 2.11: Organism recovery from seeded makeup water
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Figure 2.12: Organism recovery from seeded cooling water
(MPN, ISO & AS)

SUMMARY

The sample concentration method may influence outcome of Legionella
culture from environmental samples.

The method used for re-suspension of organisms after membrane filtration
may result in considerable loss of organisms. In this regard, sonication
appears to be superior to vortex.

Pretreatment steps indicated in the ISO and AS methods further decrease the
number of organisms recovered in sterile as well as non-sterile seeded
samples.

Supplements used play an important role in distinguishing legionellae from
non-legionellae on culture media.

Quality control of culture media is extremely important. This should be
brought under the attention of laboratories preparing such media.

GVPC agar appears to be more selective than BMPA and MWY agar.




The latex agglutination test is suitable for confirmation of legionellae from
agar media. It's applicability to colony suspensions from MPN plates needs to
be confirmed.

The direct immunofluorescence test is easy to perform but is only specific to L
pneumophila SG 1-6 and L micdadei which may decrease its sensitivity for
environmental samples.

Culture of legionellae from seeded samples has proven to be very labour
intensive and time consuming

Results from culture experiments are difficult to duplicate.

In this study the MPN method was superior to the ISO and AS methods for
isolation of legionellae from non-sterile, seeded samples.

2.5 CONCLUSION

Isolation and identification of Legionella species by culture has proven to be time
consuming and labor intensive. Difficulties were experienced in obtaining media
and reagents, and quality control of culture media appeared to be a problem. In
general, there appeared to be a lack of consistency in the quality of culture
media. Batch-to-batch differences were observed in all the media evaluated.
BCYE agar without alpha-ketoglutarate, often used for the MPN method, was not
suitable for the ISO and AS methods because legionellae could not be
differentiated from non-legionellae colonies. The most important outcome of this
study would therefore be to propose a set of guidelines and standard methods for
laboratories involved with the culturing and enumeration of Legionella.



CHAPTER 3

EVALUATION OF IDENTIFICATION METHODS:
INDUSTRIAL SAMPLES

1 INTRODUCTION

In the previous chapter, three methods for isolation and identification of
legionellae from environmental samples were evaluated on experimentally
seeded samples. These evaluations were done in an exact set of conditions to
get familiar with and optimize the methods, where necessary, in an attempt to
simplify the identification of legionellae from industrial sources. In order to
compare the efficiency of these methods, culture media and pretreatment steps
for application to industrial systems, the work described in this chapter was
undertaken.

The three methods described (the ISO, MPN and AS methods), as well as PCR,
were used to study the occurrence of legionellae in five industrial sources, and
the differences in occurrence among different sample types from these sources.
The methods were also evaluated in terms of applicability to environmental
samples as opposed to samples seeded with laboratory strains of legionellae,
using the media and pretreatment steps recommended by each method. The
effect of protozoa and the viable, but non-culturable state often reported in
legionellae, was also studied.

3.2 MATERIALS AND METHODS

The general procedure for testing of industrial samples is outlined in Figure 3.1.




Figure 3.1:

General procedure for evaluation of environmental samples



3.2.1 Samples evaluated

A total of 28 samples were evaluated. These consisted of 13 cooling water
samples from 3 sources, 3 biofilms from 2 sources, and 12 samples from a gold
mine, of which 6 were collected from underground sites, and 6 from sites on the
surface. The samples evaluated are listed in Table 3.1.

Table 3.1 : Industrial samples evaluated

Source  Description of source #  Sample identification
A Manufacturer of plastics 1 Cooling water
2 Cooling water
3 Cooling water
4 Cooling walter
5 Cooling water
B Coal bumning power station 6 Cooling water
7  Cooling water
8 Cooling water
9 Cooling water
10 Wall scraping from cooling tower sump
11 Wall scraping from cooling lower sump
C Petrochemical company 12  Cooling water
13 Cooling water
14  Cooling water
15 Makeup water
16 Biofim
D Gold mine - underground 17  Shaft 1, level 72
sites 18  Shaft 2, level 68
19  Shaft 1, change house
20 Shaft 3, level 14
21 Shaft 4, change house
22 Shaft4 level 34
E Gold mine - sites on surface 23 Acclimatization center - inside
24  Acclimatization center - outside
25 Hostel 1, shower 3 east side, south tap 3
26 Hostel 1, shower 3 south side, east tap 3
27  Hostel 1, shower 7 north side, south tap 1
28 Hostel 1, shower 15 south side, north tap 1
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3.2.1 Sample collection and storage

Staff members of the various sources collected samples in sterile, one-liter
containers. The samples were placed in a cooled container and transported to
the laboratory on the same day, where they were kept at 6-10°C until
concentration. Concentrates that could not be processed immediately were
stored in the dark, at room temperature, for no longer than 2 days. Two samples
consisting of wall scrapings were collected in sterile, screw-capped, 50ml
containers with a small amount of water from the same site. One biofilm sample
was received in a 500 ml container and consisted of a thick, brown sample.

3.2.3 Sample concentration

Water samples were concentrated by membrane filtration through a Millipore
manifold, using cellulose membranes with a pore size of 0.45um. The procedure
outlined in Chapter 2 (2.2.4, Sample concentration) was followed, except that
membranes were cut into smaller pieces before sonication, to assist re-
suspension of organisms. Wall scrapings were not concentrated. The biofilm
sample described above was concentrated by membrane filtration, through 3
separate membranes. These were all placed in the same container with 10 ml
sterile distilled water.

3.2.4 Re-suspension of organisms
Concentrates were sonicated for a minimum of 10 minutes, or until the
membranes appeared clean. Biofilm samples were vortexed for 2 minutes, after

addition of sterile glass beads, to aid suspension of organisms and breaking up
of aggregates.

3.2.5 Sample pretreatment

To reduce the number of non-legioneliae, the samples were pretreated with acid
and heat prior to inoculation of agar medium.

Acid treatment was carried out as follows: One milliliter of sample concentrate
was centrifuged at 3000 rpm for 30 minutes. Half the supernatant was removed
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and the sediment re-suspended in the remainder by vortex. To this, 0.5 ml of acid
buffer (see 2.2.6) was added and gently mixed by inverting. The mixture was left
to stand at room temperature for 5 minutes and serial dilutions were made
immediately afterwards

Heat treatment was carried out by incubating 1 ml of the sample concentrate at
50°C in a water bath for 30 minutes. Serial dilutions were done immediately after
incubation

3.2.6 Agar inoculation

Serial tenfold dilutions were made in sterile distilled water, up to a dilution of 10*
Culture media were inoculated with 0.1 ml of each dilution, and spread over the
entire surface of the plate using a sterile glass rod. The untreated portion of
each sample was inoculated onto three BCYE plates and one of each GVPC,
BMPA and MWY plates. Acid- and heat-treated portions were inoculated onto
one of each of the different agar media, as described in Chapter 2 (2.2.7, Agar
inoculation)

3.2.7 Cysteine dependence (CD)

Morphologically characteristic colonies were tested for cysteine dependence
(CD) by inoculation onto BCYE and nutrient agar. Plates were incubated at 37°C
until growth was observed on the BCYE plates. Colonies that grew on both
BCYE and nutrient agar were considered CD negative and were not further
identified.

3.2.8 Direct immunofluorescence (DFA)

Each sample concentrate was tested for the presence of legionellae by direct
immunofluorescence (DFA) after re-suspension. Representative smears, as well
as morphologically characteristic and CD positive single colonies from each
inoculated plate. were also confirmed by DFA. The method was carried out as
described in Chapter 2.

3.2.9 Latex agglutination

A commercially available latex agglutination test kit (Oxoid) was used for
confirmation of CD positive, DFA negative colonies. Reagents supplied with the
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kit are specific for L pneumophila SG 1, L pneumophila SG 2-14 and Legionella
species (including L longbeacheae SG 1-2, L bozemanii SG 1-2, L dumoffii, L
gormanii, L jordanis, L micdadei and L anisa).

3.2.10 Polymerase chain reaction (PCR)

Legionella identification by polymerase chain reaction (PCR) was carried out as
described in Chapter 4.

3.2.1 Testing of water samples for the presence of amoebae
Sample concentrates were tested for the presence of protozoa as follows:

Amoebal saline consisted of NaCl (1.20 g), MgSO,.7H,0 (0.04 g), CaCl;.2H,0
(0.04 g), Na;HPO, (1.42 g) and KH,PO, (1.36 g), each made up to 100 ml in
distilled H;O. For saline, 10 ml of each of the above were combined and made up
to 1 liter with distilled H;O. Non-nutnent agar (NN agar) was prepared by adding
15 g of agar to 1 liter of amoebal saline and autoclaving at 132°C for 20 minutes.
Agar plates were poured to a thickness of approximately 5 mm and left at room
temperature to set. The plates were flooded with a broth culture of E coli (ATCC
8739), incubated at 37°C until growth was fluent and stored at 4-6°C until use.

Wet preparations were made from sample concentrates, left on the bench for 5-
10 minutes to settle and examined microscopically for the presence of protozoa.
A few drops of sample concentrate was also placed onto NN agar covered with £
coli and incubated at 37°C to confirm the presence of protozoan trophozoites
and/or cysts. The cultures were subsequently purified by aseptically cutting out
small pieces of agar containing representative protozoa, and placing these
upside down onto fresh NN agar containing E coli. The protozoa were identified
to genus level using light microscopy.

3.212 Re-incubation of samples

Samples that were culture negative, or where the presence of legionellae could
not be confirmed during the first culture experiment, but contained amoebae,
were re-incubated as follows: The concentrates were kept at 4-6°C until results
from the first culture experiment was available. The concentrates were then
sonicated for 10 minutes in order to remove aggregates that may have formed on
the filter membranes during storage. The liquid was poured off into sterile, screw-
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capped, glass containers and incubated at 37°C for 10 days. After incubation, the
process of pretreatment and serial dilutions was repeated as for the first
expenment. In this case, only BCYE and GVPC agar were inoculated to
represent non-selective and selective media respectively.

3.2.13 Recording of results

For the 1SO and AS methods, the highest dilution yielding colonies confirmed as
legionellae by either DFA or latex agglutination or both, were reported. For the
MPN method, DFA results of representative smears for each dilution were
recorded and no further confirmation tests were undertaken. Actual colony
forming units per milliliter of sample were not calculated.

For the ISO method, the highest dilution yielding confirmed legionellae in each of
the three portions (je. untreated, acid and heat treated), on BCYE and GVPC,
was recorded. The AS method requires reporting of legionellae using only the
untreated and heat treated portions, read as follows: the untreated portion is
inoculated onto MWY up to a dilution of 10" and the heat treated portion,
undiluted on MWY and BMPA and the 10" dilution on MWY and BCYE (ASA).
The method was adapted by adding an acid treated portion and inoculating
BCYE, BMPA and MWY with each of the three portions up to a dilution of 10
(ASB).

33 RESULTS AND DISCUSSION

3.31 Comparison of culture media for Legionella isolation

Our first objective was to evaluate the efficiency of different selective and non-
selective culture media for isolation of Legionella species from environmental
samples. The results obtained are summarized in Table 3.2.

BCYE agar (non-selective medium) was found to be the least successful medium
for legionellae identification from the samples we evaluated, for a number of
reasons. Firstly, in only 18% of samples could legionellae be confirmed from
BCYE agar in the absence of sample pretreatment, due to overgrowth of plates
by non-legionellae and difficulties in distinguishing legionellae from non-
legionellae. A further 54% of BCYE plates yielded presumptive legionellae, after
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representative smears of growth from the plates were stained by DFA. These
colonies could however not be confirmed by cysteine dependence or latex
agglutination. In one sample, L pneumophila SG1 could only be confirmed from
growth on BCYE, and was negative on all the selective media, possibly due to
the low level of contamination in this sample (highest dilution positive 10").
Legionella identification on BCYE agar was thus complicated by the prolific
bacterial growth from the industrial samples, and the difficulties experienced in
distinguishing the different colonies on the basis of colony morphology, on this
non-selective medium.

The selective media (GVPC, BMPA and MWY) simplified confirmation of
legionellae from these samples. These media were found to be less supportive
of non-legionellae, thereby simplifiying the differentiation between legionellae and
non-legionellae and improving confirmation of single colonies as Legionella
species. There was no significant difference in confirmed legionellae from GVPC,
BMPA and MWY media (32%, 25% and 29% respectively), in the absence of
sample pretreatment. One sample could only be confirmed on GVPC, 2 only on
BMPA and 3 only on MWY.

An interesting observation was the presence of pure cultures of L pneumophila
SG 2-14 in two samples after culture on MWY agar (without sample
pretreatment). These samples were from the same industry, one was a water
sample and the other a wall scraping. Both pure cultures were observed in the
10° dilution. The reason for this is not clear, as the only supplements present in
MWY agar that are not included in any of the other selective media, are
bromocresol purple and bromothymol blue, both added to aid distinction of
legionellae from non-legionellae.

33.2 Effect of sample pretreatment on Legionella isolation
Our second objective was to evaluate the sample pretreatment methods

prescribed by the ISO and AS methods for improving culture of legionella from
environmental samples. The results are summarized in Table 3.2,

34



Table 3.2: Comparison of pretreatment steps, culture media and level of Legionella
presence In different sample types

Sample portion (highest tenfold dilution positive)
Untreated (U) Acid treated (A) Heat treated (M) MPN
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medum used in all methods), GV GVPC (salactive medium used in 1ISO method), BM BMPA (selectve madium used in
AS method). MWV MY (selective medum used n AS method)

L pneumophda SG 1. L preumophila SG 2-14. “L species; " pure growth of Legionelia. boided figures represent highest
dilutson yelding confirmed legoneliae, figures in brackets indicate highest dilution yielding organisms that were DFA
postive or CD positive, but could not be further confirmed. U] maicates undiuted samples
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3.3.21 Acid treatment

Acid treatment did not influence isolation of legionellae on BCYE agar
significantly, except for one sample that could not be confirmed in the untreated
portion, and yielded a pure culture of L pneumophila SG 2-14 (in the 10~ dilution)
after acid treatment. In a number of samples (29%). presumptive legionellae
could not be detected after acid treatment. Either these organisms were not
legionellae and may have cross-reacted on the DFA, or acid treatment negatively
impacted on their isolation. In general, Legionella isolation on selective media
after acid treatment was similar to results from the respective selective media in
the untreated portion.

3.3.22 Heat treatment

Compared to acid treatment or no pretreatment at all, heat treatment
considerably improved legionella isolation from highly contaminated industrial
water samples on most of the agar media evaluated.

All the samples yielding presumptive legionellae on BCYE in the untreated
portion, could be confiirmed after heat treatment and culture on BCYE. One
sample contained a pure culture of L pneumophila SG 2-14 in the 10™ dilution,
which was not evident in any of the other portions.

On GVPC agar, 31% of the industrial waters and 67% of the biofilms yielded pure
cultures of L pneumophila SG 1 and 2-14 in the 107 to 10 dilutions. Similar
results were obtained on MWY agar after heat treatment.

3.3.3 Presence of legionellae in industrial samples

Our next objective was to compare the samples from different industries and
locations for the presence of legionellae. The industries from which samples
were obtained were a manufacturer of plastics (n=5), a coal-burning power
station (n=6), a petrochemical company (n=5), and a gold mine (n=12, 6 from
sites under ground and 6 from sites on the surface) (Table 3.1).

The presence of legionellae in these sources was studied using the four methods
described earlier (MPN, ISO, ASA and PCR). A fifth method was added, namely
ASB. which incorporated acid treatment and further dilution of samples up to 10
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in stead of 10”". A comparison of the five methods with regard to their relative
ability to detect Legionella in the samples evaluated, is shown in Table 3.3 and
the results are summarized in Table 34. These results represent all positive
samples regardless of the level of contamination

It was found that the presence of Legionella species in all the industrial sources
studied, ranged from 39% to 82% (Table 3.3, depending on the identification
method used. A total of 93% of samples were found positive by at least one of
the methods, 21% were found positive by all 5 methods. The reasons for the
lower presence in the petrochemical company and the underground sites of the
gold mine may be attributed to the use of biocides or other water treatment
methods applied in these industnes.

In general, the MPN and ISO methods were equally sensitive for samples from
the manufacturer of plastics, the power station and sample sites on the surface at
the gold mine. The ASB method was slightly less sensitive in these samples. The
ASA method proved to be the least sensitive of all the methods studied, possibly
due to the lack of sufficient sample dilution. In the underground samples from the
mine, the ISO method proved to be most efficient of all the methods studied.

The results obtained with the polymerase chain reaction (PCR), correlate well
with those from other methods, in samples from the plastics manufacturer, the
electrochemical company and the power station. The reasons for the negative
results obtained with samples from the mine are not clear, but may have been
due to inhibition by a number of factors that may be present in environmental

samples,
3.3.4 Presence of legionellae in different sample types

The presence of legionellae in different sample types was studied. The samples
were therefore divided in three groups: industrial water (n=13), mine water (n=12)
and biofilm (n=3). The identification methods used were the MPN, ISO, ASA,
ASB and PCR, as described in the previous section. Table 3.5 summarizes
results obtained from these experiments.
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Table 3.3: Presence of legionellae in industrial samples — comparison of methods

Presence of legionellae
E Source MPN ISO ASA ASB PCR
1 A + + + + +
2 + + + +
3 + + - 3 +
4 + + * + -
5 * - - + -
5 B + + - + -
7 + . + + .
- + + + + +
9 + * + + *
10 - + - + +
11 + + - + +
12 [ - + + + + +
13 - - - + -
14 + - - - +
15 + + . - ’
16 - - - -
17 D - + - - .
18 + + . .
19 - - - - -
20 - + - . -
21 . - - . .
22 - + - - -
23 E + + + -
24 * + - - -
25 s - *
26 * + - + -
27 + + + + -
28 + + + + -
Table 3.4: Percentage of samples positive for legionellae
Percentage positive for legionella
Source  Total tested MPN 180 ASA ASB PCR

A 5 100 100 60 100 80

B 6 83 100 50 100 83

C 5 60 40 20 40 40

D 6 17 67 33 67 0
E_ 8 100 100 50 83 0

AVERAGE 7 B2 36 68 39




Table 3.5: Presence of legionellae in different sample types

Percentage positive for legionellae

o MPN ISO ASA ~ _ASB PCR
Industrial waters (n=13) 92 85 54 85 69
Source A (n=5) 100 100 60 100 80
Source B (n=4) 100 100 75 100 75
Source C (n=4) 75 50 25 50 50
Mine waters (n=12) 58 83 25 50 0
Underground stes (n=6) 17 67 0 17 0
Surface sites (n=6) 100 100 S0 —— - . 0
Biofilm (n=3) 33 67 0 67 67
Source B (n=2) 50 100 0 100 100
Source C (n=1) ) DO, | S Y 0 0

Our results indicated the presence of legionellae in 54-92% of cooling water, 0-
83% of mine water and 0-67% of biofim samples tested, depending on the
method used for identification. The majority of legionella positive samples
contained L pneumophila SG1 and 2-14, sometimes both. Only one sample
contained L species, as confirmed by latex agglutination

In general, the MPN, ISO and ASB methods were most sensitive for all the
samples. The ASA methods proved not sensitive enough for any of the sample
types studied. PCR results also did not correlate well with the MPN, ISO and
ASB, possibly due to inhibitory factors present in the samples tested.

Legionellae were present in 100% of industrial water samples from sources A
and B when tested with the MPN, 1SO and ASB methods, compared to 60% and
75% respectively, when using the ASA method and 80% and 75% with detection
by PCR. Results from source C indicated the presence of legionellae in 75% of
samples with the MPN method, compared to 50% with each of the ISO and ASB
and PCR and 25% with the ASA methed.

The two biofilm samples tested from source B were both positive for legionellae
when tested with the ISO and ASB methods and PCR, whereas one was
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negative using the MPN method. No legionellae could be cultured by any of the
methods from the biofilm sample collected at source C.

No legionellae could be detected in any of the mine water samples by PCR, or in
the samples from underground sources, using the ASA method. The presence of
legionellae in the samples from underground sites was also very low when using
the MPN and ASB methods (17% positive by each) compared to 67% of these
samples yielding legionellae using the ISO method. The samples from sites on
the surface were all positive with the MPN and ISO methods, 83% were positive
using the ASB method and 50% using the ASA method (Table 3.5).

3.3.5 Effect of sample re-incubation

It is well known that protozoa support the intracellular replication of legionellae
and that intracellular legionellae may be in a viable but non-culturable state
(Hussong et al. 1987, Sanden et al. 1992). The effect of re-incubation of
Legionella presumptive but unconfirmed samples that contained amoebae were
therefore studied. One sample, number 10, was included as a control to test our
ability to duplicate results obtained during the first set of experiments. These
results are summarized in Table 3 6.

Acanthamoebae and Naeglena species were abundant in most of the samples
evaluated. Due to the large number of protozoa and amoebae present, these
were not identified to species level.

In the untreated and acid treated portions, 50% of culture unconfirmed samples
yielded legionellae after 10 days incubation of sample concentrates, on BCYE
agar and 25% on GVPC agar. Sample number 21 contained a pure growth of
legionellae on both BCYE and GVPC agar in the untreated portion, and number
22 gave the same result in the acid treated portion. The heat treated portion was
less sensitive for re-incubation.
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Table 3.6: Effect of re-incubation of culture unconfirmed, amoebae positive samples

UNTREATED PORTION ACID TREATED PORTION | HEAT TREATED PORTION
, BCYE GVPC BCYE GVPC BCYE GVPC
A B A B A B A B A B A B
10 - + + + + + + + - + + +
13 + + - + - - L I W T -
6| - - + - . + - - e~ -
W | TN TR SRR 1Y S _NSNON_ NN TN - -
19__ - + - - - + - - : = —anl -
T L e - - B it i - -S4
21 - + - + - + - - + +
22 . + - - + - +* - o

Only confimed legionellae ware regarded as postve. A = first culture; B= second cuture ' pure culture of legonelias ater

Our results confirmed previous findings by Sanden and colleagues (1992) who
reported that incubation of environmental samples with autochthonous amoebae
markedly improved the sensitivity of culture techniques for legionellae. This
experiment also confirmed that non-culturable legionellae remain viable and may
in fact increase considerably in numbers during conditions of nutrient starvation

3.4 SUMMARY

For complex samples, selective media are more appropriate than a non-
selective culturing approach.

Approprniate sample dilution reduces inhibition by non-legionellae and
simplifies legionellae isolation from complex samples.

Heat treatment is preferred over acid treatment where complex samples with
high microbial load is concerned.
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The prevalence of legionellae in the industrial cooling water samples tested
was found to be high to very high.

The r;)umbers of Legionella in most of these samples was found to be high
(>10°

L pneumophila SG 1-14 were the most prevalent species and were present
as single, or a combination of two or more serogroups in a number of
samples tested.

It is evident that Acanthamoeba and Naeglena species play a supportive role
in the replication and survival of legionellae

3.5 CONCLUSION

This study has confirmed that legionellae commonly occurs in South African
cooling water systems, in higher numbers than would be the case for natural
water sources. This finding is in accordance with observations in industrial waters
of this nature worldwide. The importance of appropriate guidelines for the control
of Legionella in these systems, especially where workers may be exposed to
aerosols containing viable organisms, is clear.

The difficulties experienced in isolation of legionellae by the different culture
methods evaluated here, emphasized the importance of proper training of
laboratory personnel involved in evaluation of environmental samples for the
presence of legionellae. A standard method for use by South African
laboratories, for isolation and identification of legionellae from these samples. is

therefore proposed:

PROPOSED GUIDELINES FOR ISOLATION AND IDENTIFICATION OF
LEGIONELLA SPECIES FROM ENVIRONMENTAL SAMPLES

1. INTRODUCTION

The proposed guidelines were derived from the culture methods evaluated during
this research project and include aspects from the ISO and MPN methods as well
as steps to reduce false negative results that may result from the organisms
being in a viable but non-culturable state. A flow diagram of the proposed method
is attached. For detailed guidelines, the reader is referred to Appendix B of the
report.



2. SCOPE

The method makes provision for isolation and identification of Legionelia species
from water samples as well as biofilm and sediment samples from any
environmental source (i.e. potable as well as non-potable samples).

3. PRINCIPLE

Bactena in water samples are concentrated by membrane filtration folowed by re-
suspension by sonication. Biofilm and sediment samples are sonicated. A portion
of the sample is subjected to heat treatment prior to culture. Non-treated and
heat treated portions are diluted and inoculated onto non-selective and selective
media, containing L-cysteine, iron and various antimicrobial agents.
Morphologically characteristic colonies are presumptively identified as Legionella
species by testing them for cysteine dependence. Direct immuncfluorescence of
representative smears of growth may be used in the absence of single,
distinguishable colonies. Cysteine dependent colonies are confirmed as
Legionella species by direct immunofluorescence and/or latex agglutination. The
polymerase chain reaction may be used for final identification.

4. CULTURE MEDIA

Buffered charcoal yeast extract (BCYE) agar is used as a non-selective culture
medium. GVPC agar, consisting of BCYE as a base, with added glycine,
polymyxin B sulphate, vancomycin and cycloheximide, is used as the selective
culture medium. BCYE agar is used for testing cysteine dependence. As a
negative control, nutrient agar is used. Non-nutrient agar is used to culture
amoebae. Methods used for preparation of culture media are attached as
Appendix B.

5. SAMPLE CONCENTRATION
Water samples are concentrated by membrane filtration, using nitrocellulose
filters with a pore size of 0.45um. Membranes are cut into smaller pieces to aid

re-suspension of organisms and are placed in 10m! of the original sample.
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Biofilms may be further concentrated if necessary, or may be diluted in sterile
distilled water. The method used for sample concentration should be recorded
carefully.

6. SAMPLE RE-SUSPENSION

Sample concentrates are re-suspended by sonication for 10 minutes or until
membranes appear clean.

v - SAMPLE PRETREATMENT

Sample concentrates are pretreated with heat prior to making sernial dilutions, by
placing a portion of the concentrate in a water bath at 50°C for 30 minutes.

8. SAMPLE DILUTION

Serial tenfold dilutions of non-treated and heat treated sample portions are made
in sterile distilled water, up to a dilution of 10°,

9. DIRECT IMMUNOFLUORESCENCE (DFA)

Direct immunofluorescence is done directly from the concentrate. The method is
outlined in Appendix B.

10. AGAR INOCULATION

Inoculate one BCYE and one GVPC plate with 0.1 ml of each dilution and spread
over the entire surface of the plate.

11. INCUBATION

Plates are incubated aerobically at 37°C for 10 days, in plastic bags to avoid
drying out.



12. PRESUMPTIVE IDENTIFICATION

If single colonies are present, test all colonies characteristic of Legionella species
for cysteine dependence by inoculating onto BCYE and nutrient agar. Incubate
aerobically at 37°C until growth is visible on the BCYE plate. Colonies growing on
BCYE but not on nutrient agar are reported as presumptive Legionella species.

If no single colonies can be distinguished in any of the dilutions, a representative
smear of each plate from each dilution is stained with DFA. Positive results are
reported as presumptive Legionella species.

13. CONFIRMATION

Colonies that are cysteine dependent are confirmed by latex agglutination, DFA
and/or PCR (where available).

14. EXPRESSION OF RESULTS

Results are expressed as an estimated number of colony forming units per
milliliter of original sample or weight of original solid sample, taking the dilution
factor into account. The highest dilution where legionellae were observed, should
be reported.

15. TEST REPORT

The test report should include information on the following:

¢ Reference to the method used for identification

o All details necessary to completely identify the sampling site and ~type
The temperature at which the sample was stored in the laboratory

The volume or mass of sample tested

Date of sample collection

Date sample was received in the laboratory

Starting date of test

e Date of report
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Any particular circumstances or conditions observed during the course of
analysis which may have influenced the result

Information on interpretation of test results

Information on the presence/absence of protozoa/amoebae in the concentrate
All results, including the result of the DFA done on the sample concentrate
prior to culture.



CHAPTER 4

DETECTION AND ENUMERATION OF LEGIONELLA IN
INDUSTRIAL AND ENVIRONMENTAL WATERS USING THE
POLYMERASE CHAIN REACTION

4.1 Introduction

Although culture based techniques currently remain the methods of choice for
Legionella detection, they require several days of incubation to obtain resuits.
Heterotrophic flora from a sample might overgrow the culture media and make
plate counts difficult and even impossible. Developments in the molecular field
opened doors for novel detection assays of water borne pathogens such as
Legionella, these include DNA probe hybridization (Grimont ef al. 1985),
restriction enzyme digestion (Saunders ef al. 1990) and the polymerase chain
reaction (PCR) (Bej et a/. 1991, Mahbubani ef al. 1990). Although sensitivity of
most of these techniques is insufficient for direct detection of legionellae in
environmental samples, PCR has proved a sensitive and rapid alternative
towards this goal (Bej ef al. 1991, Mahbubani ef al. 1990, Ng et al. 1997, Palmer
et al. 1993). The sensitivity of this approach is however dependent on effective
cell lysis and target DNA availability, as well as the absence of inhibitory
substances which might interfere with polymerase enzyme activity (Maiwald et al.
1995, Palmer et al. 1993).

In the past, PCR detection of Legionella was mainly done using a commercially
available system: The EnviroAmp Legionella kit (Perkin Elmer Corporation,
Foster City, California). Using this kit, successful detection of Legionella (and
more specific L. pneumophila) could be performed by amplification of specific
target sequences on both the 5S ribosomal RNA (genus specific) and the
macrophage infectivity potentiator (mip) (specie specific. L. pneumophila). For
reasons unknown, this kit was, however, withdrawn from the commercial market
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In view of the withdrawal of the Perkin Elmer Legionella PCR kit and the absence
of any other such commercial systems, it was our aim to develop a PCR method
for Legionella detection and to compare this method to other established
methods for Legionella detection. In our study we decided to use a hemi-nested
based PCR assay, which provides a rapid and sensitive alternative to probing,
and more cost effective than nested PCR using two new internal primers. In this
approach, the effect of inhibition could also be circumvented by means of dilution
of the PCR inhibitory substances.

4.2 Materials and methods

4.21 PCR primers

The EnviroAmp mip- specific primers, as given in the kit protocol, were selected
for the assay. These consisted of three separate primers, namely one forward
(PT69) and two reverse primers (PT70 and PT181). PT70 and PT181 differ from
each other by two bases (figure 4.1) and is complementary to position 1092 to
1115, where PTE9 corresponds to position 948 to 965 of the Legionella mip gene
sequence (Engleberg et al. 1989).

PT69: 5'- GCATTGGTGCCGATTTGG -3
PT70: 5. GETTTGCCATCAAATCTTTCTGAA -3
PT181: 5. GTTTTGCCATCAAATCTTTTTGAA -3’

Figure 4.1. Primers used in this study. Bolded and underlined areas indicate
base differences between the two reverse primers. All primers used
in this study were synthesized by MWG-Biotech (Germany).

4.2.2 DNA extraction

DNA exiraction was performed as described in the EnviroAmp kit protocol :

Legionella pneumophila was cultured on buffered charcoal yeast extract agar
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(BCYE without antibiotics) for 5 days at 37°C. A single colony was suspended in
500 ul of UHQ water, vortexed and centrifuged for 3 minutes at 12 000 rpm. 500
ul of lysis reagent (guanidinium thiocyanate based) was added, followed by
votexing and boiling at 99°C for 20 minutes.

The heat-treated sample was then pelleted by centrifugation at 12 000 rpm for 30
seconds. 400 ul of a 100% isopropanol solution was added to an equal amount
of supernatant, followed by the addition of 10 ul of a kit supplied carrier reagent
(4.0 mg/ml of RNA homopolymer poly(A)). The reaction mixture was mixed well
and left for 10 minutes at room temperature for DNA precipitation to occur. The
precipitate was centrifuged out at 12 000 rpm for 10 minutes, followed by a
second precipitation step using 500 ul of a 75% isopropanol solution added to the
pellet. After vortexing and centrifugation (12 000 rpm, 10 minutes) the pellet was
resuspended in 160 ul UHQ water in a water bath (70°C, 3 minutes). The
suspension could be stored at -20°C for up to 14 days.

To increase sensitivity, the efficiency of the freeze-thaw lysis method was also
compared to that of the EnviroAmp DNA purification method using pure culture
dilutions. Serial dilutions of a pure culture L pneumophila was set up, ranging
from 10" to 10”7. 100 ul of dilutions 10° to 10 (duplicate) was plated on BCYE
(non-selective) agar and incubated at 37°C for 5 to 10 days to check viability.
The same volume (100ul) of each of the dilutions was subjected to either the
EnviroAmp extraction procedure or five freeze-thaw lysis cycles using 1 minute
liquid nitrogen freezing followed by a 3 minute thaw in a 37°C water bath. 20 ul
of each lysate was used in subsequent amplification reactions (figure 4.5).

4.2.3 PCR conditions and optimization

All primers were received in lyophilized form. Stock solutions were created by
adding the appropriate amount of ultra high quality water (UHQ), after which
working aliquots was made and stored away at —20°C. Primers were tested
using the control L. pneumophila DNA provided in the kit as well as DNA from
cultured L.pneumophila . Reaction conditions were initially used as described by
Bej et al (1991) (30 ul reaction mixture and 20 ul template). PCR cycling was
performed on a Hybaid OmniGene thermo cycler using the cycling program
described in the EnviroAmp kit protocol: 95°C for 10 minutes, followed by 30 step
cycles of 95°C for 30 seconds and 63°C for 60 seconds, and ending off with a
72°C for 7 minutes final elongation. PCR product was then loaded on a 2%
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agarose gel stained with ethidium bromide, followed by visualization using a
standard UV-transluminator.

For PCR optimization, the approach of Taguchi et al (10) was used. In this
approach optimization (or near optimization) could be achieved by alternating the
concentrations of three variables in the reaction mixture in nine separate
reactions. Optimum conditions could then be visualized by normal agarose gel
electrophoresis. Highest band intensity with the least amount of primer dimers
and smear was considered to be near optimum,

Three variables in the reaction condition was chosen: MgCl;, deoxy-nucleotide
triphoshates(dNTP's) as well as primer concentrations (PT69, PT70, PT181)
(table 4.1). All other reaction components were kept constant and UHQ water
was used to make up each reaction mixture volume to 30 ul:

UHQ water . make up volume

Promega Taq polymerase enzyme 10x buffer* : 5 ul (1x final concentration)
Promega Taq polymerase (5 units/ul) : 0,2 ul (1 unit)

Template (L. pneumophila DNA or UHQ) : 200ul

* Taq polymerase enzyme buffer (50 mM Tris-HCI(pH 8.0), 100 mM NaCl, 0,1 mM EDTA. 1mM
DTT, 50% glycerol, 1% Triton X-100)

Table 4.1. Reaction conditions used during PCR optimization. MgCl;, dNTP
and primer concentrations were altered in each reaction.

~ Reaction nr. MgCl; (mM) _ dNTP's (uM)each  Primer (pmole)

1 3.75 200 100
2 3.75 200 50
3 2.50 150 50
4 2.50 150 100
5 1.50 100 50
6 1.50 100 20
7 1.50 100 100
8 3.756 200 20
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4.2.4 Hemi-nested PCR

In this approach, a first reaction PCR was performed using the three primers
described above (PT69, PT70 and PT181). This was followed by a second PCR
reaction, using just the forward primer (PT69) and a new internal 19-mer reverse
primer (PT80, figure 4.2). This primer was designed to facilitate amplification of
a 117 bp region within the first amplification product, thus increasing specificity
and sensitivity of the assay. Primer design was performed using the computer
based program PRIMERS for Windows. The chosen primer sequence was
blasted (BLAST 2.0, NCBI) against the Genbank gene sequences to determine
the specificity of the primer for the target sequence and to see if any non-specific
binding could occur. Hemi-nested PCR was also performed using the exact
same reaction conditions, together with 20 ul of a thousand-fold dilution of the
first reaction product.

PT80 : 5- CGGTTAAAGCCAATTGAGC -3'

Figure 4.2. The semi-nested primer used in the assay. The primer was designed
using the oligo-designing program PRIMERS as described in materials and methods.
The primer sequence was blasted against the Genbank data base sequences using the
program BLAST 2.0. PCR amplification was simulated using the program Amplify 2.0 on
Macintosh.

4.2.5 PCR sensitivity

PCR sensitivity was determined by comparing plate counts of a dilution series
with the visibility range of PCR products on ethidium bromide stained agarose
gels. A single colony of L. pneumophila was picked up from a BCYE plate (5
days incubation at 37°C) and suspended in 1 ml of UHQ water by vortexing. 100
ul-of the suspension was carried over to 900 ul of UHQ water and this mixture
used to continue with serial 10 fold dilutions as required (table 4.2).

Plate counts were performed in duplicate by the spread plate method using 100
ul of each of the dilutions. The plates were incubated at 37°C, after which they
were checked after 5, 7 and 10 days for growth. DNA extraction from the series
was performed as described. 20 ul of each of the extractions was added to 30 ul
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of PCR mixture, covered by mineral oil and subjected to thermal cycling in a
Hybaid thermal cycler.

4.3 RESULTS AND DISCUSSION

4.3.1 PCR optimization

After performing the initial optimization PCR, only one distinct band (168 bp,
figure 4.3) in the positive reaction lane was observed, which corresponded to the
correct size fragment in the molecular weight marker (Marker VI, Roche
Molecular Biochemicals). A separate negative control containing no DNA
template as well as a positive control using the EnviroAmp supplied PCR mixture
was also included in the reaction (168 bp mip product and 108 bp 5S rDNA
product). A lighter band was observed from the control DNA reaction than from
the DNA extract reaction, and may be due to a higher template load in the latter,
or degradation of the control DNA due to prolonged storage.

MVII 2 3 4 5 8

& £
_ % '._
'.. v .‘.. '.\
-ﬁ.c 'E‘
:'.h —0‘- -— 168 bp
wsag . a— 108 bp

e = e

Figure 4.3. Evaluation of primers. MVIII, Molecular weight marker (Roche Molecular
Biochemicals); Lane 2, new primers with DNA extract; Lane 3, negative
control with no template; Lane 4, new primers with control DNA; Lane 5,
EnviroAmp PCR mixture with DNA extract; Lane 6, same as lane 2.
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MVvIiIl 1 2 3 4 5 6 7 8

Figure 4.4. Agarose gel (2%) of initial PCR optimization. Lane numbers 1to 8
corresponds to the reaction conditions laid out in table 4 1.

Optimization of the PCR reaction was performed by altering MgCl;, dNTP and
primer concentrations, keeping all other reaction component concentrations
constant. Condition number 5 was chosen as near optimum for the PCR assay,
displaying strong amplification at low MgCl; concentration (table 4.1, figure 4.4).
The reaction was further optimized by evaluating MgCl; concentrations ranging
from 1.25 mM (millimolar) to 5 mM (increasing with 0.25 mM steps). It was
found that a concentration of 2.00 mM allowed strong amplification of the target
sequence (results not shown). Higher concentrations resulted in negligible
increase in amplification intensity (on agarose gel), but would result in a
decrease in annealing specificity (Kidd et al. 1995).

4.3.2 PCR sensitivity

In order to determine the minimum amount of cells which would produce a
detectable amplification band on agarose gel, a serial dilution series was set up.
20 ul of each dilution was subsequently used in a single PCR reaction. Bacterial
numbers was determined by plate counts of colony forming units (cfu's) on BCYE
agar using 100 ul of each dilution.

Dilution series 10" to 107 displayed a band each of the correct size (figure 4.5)
No band was visible in lanes containing dilution series 10® and 10, indicating
the possible sensitivity cut-off point of the first reaction PCR. This indicated
sensitivity near equal to that of the culture method. However, this was rarely
reproducible: variance between culturing and PCR was frequently found, with
poorer culturing and higher amplification sensitivity (and vice versa).
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Table 4.2.

Dilution series used to determine the sensitivity of the first reaction PCR.

Only culture plates containing 10 and 300 colonies were used to calculate

the cell density in the original sample.

_ ~ Plate count 1 "Plate count 2 Average
107 >300 >300 B
107 >300 >300 -
10° >300 >300 -
10° >300 >300 -
10% 40 50 45
10° 5 2 4
107 No growth No growth
107 1 No Growth | .
107 1 No growth .
Count in original (stock) sample | 4,5 x 10°/mi
Mvie 1 2 3 5§ 6 7
R W <~ 1e8bp
-
-— 168 bp
—-— ~— 108 bp
MVIE 8 9 10 41 12 13 14
Figure 4.5. Testing PCR sensitivity. Lane numbers 1 through 9 corresponds to the

different template dilutions used (10" to 10°). Lane 11, negative control
(no template), Lane 12, positive control 1 (undiluted template); Lane 13,
positive control 2 ( EnviroAmp PCR mixture with undiluted template);
Lane 14, positive control 3 (EnviroAmp PCR mixture with 10 dilution of
template). MVIII, DNA molecular weight marker.

4.3.3 DNA extraction

The effectivity of the lysis method used in the kit was evaluated by comparing it
with the well-known freeze-thaw lysis method, as previously described for
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Legionella (Bej et al. 1991). Liquid nitrogen instead of the commonly used dry-
ice bath was applied during freezing steps, followed by normal thawing in a 35°C
water bath. The two methods were evaluated by performing each separately on a
L.pneumophila dilution series, followed by PCR amplification and agarose gel
electrophoresis.

Successful PCR amplifications were achieved using freeze-thaw lysis of a
diluted pure culture of L. pneumophila. An increased in PCR sensitivity was
noticed after using the freeze-thaw lysis method (figure 4.5). Using the
EnviroAmp DNA purification procedure, PCR product could be visualized up to
the 10 dilution, whereas product could be visualized up to the 107 dilution using
freeze-thaw lysis prior to amplification. This experiment was repeated several
times, and each time the rapid freeze-thaw method produced better results than
the EnviroAmp extraction method. This may be due to the loss of template
during purification steps, where in the case of the freeze-thaw method the
bacterial lysate is directly used for PCR.

As mentioned above, the EnviroAmp Legionella PCR kit claims a sensitivity of 10
to 100 organisms/ml in the 10 ml filtrate. This would vary according to the type of
sample tested: inhibitors such as biocides may inhibit the reaction by various
means, including Taq -enzyme activity. The use of different extraction
procedures may overcome this, as described by various workers (Koide et al.
1993, Maiwald et al. 1995). Still, freeze-thaw lysis remains an effective and rapid
method in PCR assays, and has effectively been applied in previous studies (Bej
et al. 1991(a), Bej et al. 1991(b)). By combining this method with a hemi-nested
PCR approach, effective cell lysis and inhibitor dilution could be achieved, and
specfficity for the target DNA could be enhanced by this internal amplification.
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- 168bp

Figure 4.6. Comparison of the EnviroAmp DNA purification procedure (left gel) with
the freeze-thaw lysis method (right gel). Lane numbers indicate the
different dilutions in the series (0 indicates no dilution from stock
suspension).

4.3.4 Hemi-nested PCR

After the first PCR reaction, all positive controls displayed positive and all
negative controls negative. If this was followed by a hemi-nested PCR, a positive
band could be detected in each of the reactions, including the once negative
control reactions. This results is thought to indicated on probable carry-over
contamination, or contamination in one of the reaction components. A stepwise
elimination procedure was then followed. Possible contaminated reaction
components were replaced with other, new or sterilized components. This
included MgCl;, Taq polymerase buffer, Taq polymerase, dNTP's, primers and
UHQ water. The Promega Taq polymerase was also replaced with polymerases
from the following manufacturers: Perkin Elmer Amplitaq Gold (Perkin Elmer
Corporation), Southern Cross Taq polymerase (Southern Cross Molecular
Biochemicals), Dynazyme Taq polymerase (Finnzymes) and Takara EX Taq
polymerase (Takara). UHQ water from different sources were also evaluated.

To eliminate the possibility of a contaminated reverse primer (PT 80), a second
PCR reaction was performed using the same first reaction primers (PT 70 and
PT 181) together with 20 ul of an undiluted or thousand fold dilution of the first
reaction mixture. Following the repeated PCR using the first reaction primers, a
band corresponding to 168 bp from a marker was observed. This was true for

56



both undiluted and diluted first reaction mixes. Hemi-nested PCR produced two
bands (168 and 117 bp) compared to one band (117 bp) when undiluted and
diluted first reaction mixes were respectively used. Thus, out dilution of excess
reverse primers PT70 and PT181 enabled amplification of the 117 bp fragment
(internal), whereas amplification of the entire 168 bp region was eliminated.

Different polymerase enzymes were also evaluated as sources of possible
template contamination. These enzymes were used as recommended by the
specific manufacturer, and at a constant concentration of 1 unit enzyme per 50
ul reaction volume. All other reaction components were kept constant and
unchanged during this evaluation.

Changing the polymerase enzyme displayed some positive results, where
Amplitaq Gold (Perkin Elmer Corporation) gave negative-negative reactions
(figure 4.6). This, however, was not consistent. After a while, false-positive
reactions reoccurred, indicating that low enzyme activity may initially have
contributed to poor amplification. All other enzymes evaluated gave the same
positive-negatives results, indicating contamination from another source(s).

In order to identify the products from the false-positive reactions (hemi-nested
and repeated PCR), automated sequencing was performed. This was done by
using glass wool purified PCR products as template together with the forward
primer (PT69). BLAST analysis (BLAST 2.0, NCBI) was performed on the
derived sequences to identify the origin of the contaminating target template, and
to confirm primer specificity.

Automated sequencing of false- positives produced two usable sequences: 120
bases from a normal second PCR reaction (PT69, PT70 and PT181), and 54
bases from the semi-nested PCR (results not shown). These reactions, as
mentioned above, contained no added template, and should thus have remained
negative after a second PCR reaction. BLAST analysis revealed 99 and 98 %
match (respectively) with regions within the mip sequence of L. pneumophila,
indicating positive template amplification and specificity of the primers. A high
degree of complimentarity thus exists between the contaminating target template,
positively identified as region within the mip gene sequence of L pneumophila,
and the primers used in the study.
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1a 2a 3a 4a 5a

Figure 4.7. Evaluation of Promega (1a,1b), Southern-Cross (2a,2b), Perkin-
Elmer Amplitaq Gold (3a,3b) and Takara EX (4a,5a,4b,5b)Taq
polymerases. For semi-nested PCR reactions (bottom gel) 20 ul of
the first reaction mixes (top gel) were taken as template. Lanes 5a
and 5b are positive controls (template added) using Takara Ex Taq

The phenomenon of false positive reactions is not unique. Oshiro ef al. (1994)
reported the occurrence of false positive controls when modifying the number of
PCR cycles in the EnviroAmp PCR from the manufacturer recommended 30 to
35 or 40; however, no explanation was given for this. Because such a small area
is targeted in this PCR assay, any contamination from an exogenous source
could lead to false reactions. Although all reaction components were changed,
the problem remained, indicating on some exogenous source of contamination.
Decreasing the amount of cycles during the first and semi-nested PCR reactions
(from a total of 60 to 30 cycles) proved to be a possible outcome for the problem
(results not shown). Higher target specificity could be reached than a single PCR
reaction, but sensitivity would be lower than the full cycle semi-nested approach.
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Correlation between the culture method and PCR is not always possible (see
reference 8), with fluctuations in sensitivity present in both cases. In the case of
PCR (or semi-nested PCR) detection sensitivity may be due to the detection of
dead or non-viable cells, which will not be detected using culture plates (only
cultureable cells). Factors such as the water quality of the sample and culture
media used also play a significant part in the isolation of these organisms from
the environment (Kusnetsov ef al. 1994).

The PCR approach could effectively be applied to environmental and industrial
water testing, but standardization of the whole assay should be done to ensure
consistent results. The PCR assay should also be coupled with a second
detection assay to overcome false results, which may be essential when viewed
from a preventative viewpoint. The semi-nested approach could be applied to
increase both sensitivity and specificity for the target template, but should be
validated using another technique.

44 Conclusion

Effective detection of a diluted L. pneumophila pure culture could be achieved
using a single PCR reaction (see results). The presence of inhibitors in
environmental samples can affect the sensitivity of this assay, and could thus
lead to false-negative results. Semi-nested PCR provides an outcome to this
problem by increasing both sensitivity and specificity over a single PCR assay,
and results could be achieved within a fraction of the time needed for
conventional culturing methods. Because of this high level of sensitivity, great
care should be taken to avoid contamination leading to false positive reactions.
The inclusion of appropriate control reactions in the assay is therefore of the
utmost importance, and should always be included during each PCR reaction.

Although PCR provides a rapid and sensitive approach to pathogen detection, it
still poses a few problems when applied to environmental sample testing.
Reaction inhibition as well as template contamination may cause false negative
or positive results, and should therefore be repeated as well as validated with
another technique (culture plate, probing etc.). This approach also requires the
use of specialized equipment such as thermocyclers, as well as a specific
laboratory setup to prevent carry-over contamination. Because of the simplicity
of the approach, highly specialized technical staff is not necessary, and with little
background it could be effectively applied for routine testing. One modification
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of the basic PCR which has already been shown to have great power in the
applications described here, is the use of immuno- magnetic separation to
recover target cells from complex samples. This application could prove useful
for concentrating Legionella from environmental and industrial waters without
carry-over of PCR inhibitory substances, thus assisting subsequent amplification
and detection sensitivity (also see executive summary).



CHAPTER 5

FACTORS CONTROLLING THE SURVIVAL AND PROLIFERATION OF
LEGIONELLA IN INDUSTRIAL COOLING WATER.

51 INTRODUCTION

Cooling towers have been implicated as the source of the infection in a number of
legionellosis cases (Dondero ef al., 1980). Due to their heat exchanging function, these
systems typically have elevated water temperatures which largely contributes to the
proliferation of Legionella. However, temperature can not be the only factor governing
the proliferation of Legionella in cooling towers and a number of other factors could also
be expected to contribute to their growth and survival. Detailed information on these
factors is at present limited. In order to be able to develop control strategies which could
minimize the risk of infection from cooling towers, greater knowledge of the intricacies of
the ecology of the legionellae within the cooling tower mileu has become, essential.

The Legionellae have been shown to develop symbiotic relationships with a number of
eukaryotic and prokaryotic organisms in an ecosystem. Among the eukaryotes, amoeba
and other protozoa such as Naeglena and Acanthamoebae can act as natural hosts in
which the bacteria can multiply (Tyndall and Dominque, 1982). For the prokaryotes, it
was shown that Legionella uses the complex organic material produced by Fisherella as
sole carbon and energy source (Pope ef al, 1982). Apart from Fisherella, other
cyanobacteria such as Phormidium and Oscillatoria have also been associated with the
survival of Legionella in naturally occurring algal mats (Tison et al., 1980).

The aim of this study was to establish a method suitable to investigate the ecology of
Legionelia in industrial cooling water systems and to utilize this method to determine the
effect of other biota, light and pH on the survival of Legionella pheumophila in cooling
water.
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5.2 MATERIALS AND METHODS
5.2.1 Biofilm generation

A reactor for the generation of biofilms was established in the laboratory. The system
consisted of a modified Pederson device connected to a 5/ reservoir. Water obtained
from an industrial cooling system was continuously circulated through the system and
the system was operated at a temperature of 37 °C. Using phase contrast microscopy,
biofilm formation on the glass slides was monitored daily. After establishment of a
biofilm on the glass slides, the system was seeded with a pure culture of L.
pneumophila and the biofilm samples were screened for the presence of Legionella by
fluorescent in situ hybridization (FISH) as described by Manz ef al. (1994).

5.2.2 Effect of other biota on the activity of Legionella pneumophila

Sludge collected from the basin of an industrial cooling water system was fractionated
according to size (150um; 80pm; 37um; 3pm; 0.8um; 0.45um) using a number of
different filters. Two sets consisting of three 15 ml aliquots of each fraction were
prepared. One of the aliquots of each of the fractions was sterilised. Thereafter, all
aliquots were seeded with Legionella pneumophila to a final concentration of about 10’
bacteria / ml. One of the sets was incubated in the dark while the other was exposed to
a daily light cycle (12 hours on;12 hours off) all at a constant temperature of 37 °C. Tap
water was used as a control in these experiments. Samples were collected on a weekly
basis and, following fixation and concentration (5-fold), FISH was carried out (Manz ef
al., 1994).

5.2.3 Effect of pH on the activity of Legionella pneumophila

Sludge collected from the basin of an industrial cooling water system was also used in
this experiment. Sludge samples were fractionated according to two sizes (80um; 3um)
The pH of 15 ml aliquots of each of the fractions were adjusted to pH 4, 6, 8 or 10
respectively. Thereafter all samples were seeded with Legionella pneumophila to a final
concentration of about 107 bacteria / ml. One set of aliquots was incubated in the dark
while the other set was exposed to a daily light cycle (12 hours on;12 hours off)all at a
constant temperature of 37 °C. Tap water was used as a control in the experiment.
Samples were collected on a weekly basis and, following fixation and concentration (5-
fold), FISH was carried out (Manz el al.,1994).



5.2.4 |dentification of algae and cyanobacteria

The dominant algae or cyanobacteria present in the samples after four weeks of
incubation was determined by direct microscopic investigation.

5.3 RESULTS AND DISCUSSION
5.3.1 Biofilm study

In the initial experiment using the biofilm reactor, the formation of a biofilm was noticed
within 24 hours. After 4 days a biofilm covering the entire surface area of the glass slide
could be observed and the system was seeded with a pure culture of L. pneumophila.
The biofilm was investigated for the presence of Legionella 3 and 7 days after seeding.
No Legionella bacteria could be observed when fluorescent in situ hybridization was
performed on the samples.

Manz ef al. (1994) calculated that the targeted organism should be present at a level of
more than 5 x10° cells /cm? in order to allow microscopic observation of bacteria. Thus
the apparent absence of Legionella from the biofilms obtained from our laboratory
system, could be a reflection of their presence in such low numbers. Detection by way
of in situ hybridisation might therefore become impossible, due to the limited sensitivity
of this experimental approach. If so, the conjecture is that the biofims in the
experimental system do not support the proliferation of the Legionella seed. It should be
emphasized however that our laboratory design does not mimic the operation of an
industrial cooling water system. It was thus concluded that, due to the absence of
Legionella at detectable levels in the biofilms, this expenmental approach could not be
utiized to determine whether Legionella spp. associate with specific groups of
organisms in cooling water systems. An alternative approach had to be used for this
aspect of our investigation.

5.3.2 Effect of other biota on the activity of Legionella pneumophila

A novel approach was devised to investigate a number of the parameters which
influence the survival of Legionella in cooling water. Fluorescent in situ hybridization
(FISH) was used to determine the effect of different biological populations on the activity
of Legionella pneumophila. FISH targets specific rRNA sequences unique to a single
species or group of organisms. Actively growing cells usually have a ribosome content
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ranging between 10° and 10° ribosomes per cell (Amann et al., 1995). Due to the high
copy number of the targeted rRNA in these cells, sufficient dye can be incorporated per
cell to allow visualization of the whole cell by fluorescent microscopy. The presence of
fluorescing cells could therefore be interpreted as an indication of metabolic active
cells.

An experiment, designed to investigate the effect of other biota on the activity of
Legionella pneumophila was carried out and the results are shown Table 5.1. This
experiment was repeated once in order to verify the results (Table 5.2) The presence of
fluorescent cells were scored on a scale of 0 to 3 where the brightness of the
Legionella pneumophila control was a asigned a score of 3.

Tap water is known to support Legionella (Yee and Wadowsky, 1982) and was used as
a control in all our experiments. It was found that the presence of light did not enhance
the survival rate of Legionella in tap water. This was to be expected as these samples
would normally not contain high levels of algae. However, our results (Table 5.2)
suggested that organisms normally present in tap water might have a positive effect on
the activity of Legionella as unsterilised samples always supported Legionellae for
longer time periods when compared with sterilised tap water samples.

The results indicate a significant correlation between conditions that are favourable for
active photosynthesis, and those conditions that would prolong the survival of
Legionella in cooling water. Tables 5.1 and 5.2 show that active Legionella cells could
still be observed one month after the start of the experiment in the fractions that
contained the larger particles ( < 150um; < 80um,< 37um). In contrast, active Legionelia
cells were noted only for much shorter periods in the duplicate fractions that were
incubated in the dark. Microscopic examination subsequently revealed the proliferation
of algae in the samples exposed to sunlight during incubation, whereas algae present in
those samples which were incubated in the dark, were dormant.

Subsequently, the dominant algae or cyanobacterial species present in these samples
was identified and found to be the filamentous cyanobacterium Oscillatoria. This finding
is in agreement with previous studies which linked the survival and growth of Legionella
to the presence of cyanobacteria. (Tison et al; 1980). One postulation towards
understanding the nature of the conducive action of cyanobacteria in the survival of
Legionella, is that extracellular substrates or cofactors required by or at least useful to
Legionella, are released by the cyanobacteria. Therefore, control of cyanobacteria and
algae in cooling water might be an additional important parameter in controlling
Legionella in cooling water systems.



Table 5.1:  Fluorescent in situ hybridization (FISH) carried out on various fractions of
a sludge sample from an industrial cooling water system.

Fraction size and Incubation time
incubation conditions
7 days | 14 days | 21 days | 28 days
Complete sludge sample (Dark) - - - -
Complete sludge sample (Dark, Sterile) ++ - - -
< 150pm (Dark) - - B x
< 150pm (Light) +++ + ++ +
< 80um (Dark) - . - =
< 80um (Light) - - + -
< 80pm (Dark; Sterile) + - - .
< 37um (Dark) - (+) - -
< 37um (Light) - . ++ (+)
< 3pm (Dark) + ++ + (+)
< 3pm (Light) *) (+) + (+)
< 3um (Dark; Sterile) 44+ + ++ N
< 0.8um (Dark) *) (+) (+) -
< 0.45um (Dark) (+) (+) (+) -
Tap water (Dark) ++ ++ (+) +
Tap water (Dark; Sterile) ++ (+) ++ -
Tap water (Light) + + (+) -
Tap water (Light, Sterile) ++ (+) ++ -
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Table 5.2: Fluorescent in situ hybridization (FISH) carried out on various fractions of
a sludge sample from an industrial cooling water system.

Fraction size and Incubation time
incubation conditions
7days |14 days 21 days 28 days

Complete sludge sample (Dark) - - -
Complete sludge sample (Light) - - - 6
Complete sludge sample (Dark; Sterile) (+) - - -
< 150pm (Dark) - = . .
< 150um (Light) - - + (+)
< 80um (Dark) - - -
< 80um (Light) - (+) + (+)
< 80um (Dark; Sterile) - . + .
< 37um (Dark) - - = -
< 37um (Light) . - : .
< 3um (Dark) (+) + -

< 3um (Light) - - ++ +
< 3um (Dark; Sterile) + ” + )
< 0.8um (Dark) - . -

< 0.8um (Light) - (+) ++ (+)
< 0.45um (Dark) (+) - (+) (+)

< 0.45um (Light) - . . .
Tap water (Dark) + + + (+)
Tap water (Dark; Sterile) (+) (+) .

Tap water (Light) (+) (+) + (+)
Tap water (Light, Sterile) + 4 (+) - -




For the fraction containing smaller particles (< 3pm), no clear correlation between the
presence or absence of light have been observed. In both experiments the sterile
fractions (< 3um - Dark; Sterile) were found to support Legionella and active
organisms were observed after 4 weeks.

5.3.3 Effect of pH on the activity of Legionella pneumophila

The second experiment investigated the effect of pH on the survival of Legionella
pneumophila. For this experiment only two fractions were selected, one containing
small and large particles and the other only containing small particles. The selection of
the fraction sizes <80 pm and < 3 pym was based on the results of the previous
experiment (Table 5.1 and 5.2).

To avoid possible contamination of the samples during the experiment the pH was only
adjusted to the required value at the start of the experiment. The final pH of the samples
was recorded at the end of the experiment on day 26. From the results (Table 5.3), it
can be seen that, with the exception of the fractions where the pH was adjusted to pH
10, all samples showed an increase in the pH. For most of the samples the increase
was more than one pH unit. The <80 pm fraction showed better buffering capacity with
final pH values lower than those of the corresponding < 3 um aliquot. The observed
increases in pH are probably due to the activity of the biota present in the sample.

The best survival was noted for both fractions where the initial pH was adjusted to 6.
This was to be expected, as it has been reported that Legionella grow best on agar
buffered at pH 6.9. None of the other < 80 um aliquots showed prolonged activity of
Legionelia. In fact, for most aliquots no activity was observed after the first week For
the < 3 um fraction, Legionella activity could also be observed after 26 days in the
aliquots with a pH of 4 and 8. As noticed in the previous experiment no clear correlation
between the presence or absence of light could be observed for this fraction (< 3um).

In this experiment Legionella pneumophila has shown prolonged activity over a range of
pH values. This is in contrast to the narrow pH range observed for the growth of
Legionella on agar plates. The only pH at which prolonged activity was not observed in
any of the samples was at an initial pH of 10. This study has therefore shown that the
manipulation of cooling water pH might not be a viable strategy to control Legionella in
cooling towers.
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Table 5.3: Fluorescent in situ hybridization (FISH) carried out two fractions of a
sludge sample from an industrial cooling water system after adjustment of
the pH.

Fraction size and Incubation time Final
incubation conditions pH
Day 0 | Day 7 |Day 14 Day 21 |Day 26

< 3um, pH 4 (Light) ++ + ++ +++ + 7.2
< 3 um, pH 4 (Dark) ++ 4 : +e e + 43
< 3 um, pH 6 (Light) +++ + ++ +4+ 4 ++ 89
< 3 um, pH 6 (Dark) ++ + + ++ + 88
< 3 um, pH 8 (Light) ++4+ ++ ++ + - 9.2
< 3 ym, pH 8 (Dark) ++ +4+ + + - 9.3
< 3 um, pH 10 (Light) ++ - - - - 96
< 3 um, pH 10 (Dark) ++ - - - - 9.7
< B0 pm, pH 4 (Light) ++ - - - - 50
< 80 um, pH 4 (Dark) ++ - - - - 7.0
< 80 ym, pH 6 (Light) ++ - ++ + ++ 7.7
< 80 pm, pH 6 (Dark) +++ - + + + p o]
< 80 um, pH 8 (Light) ++ - - - - 85
< 80 pm, pH 8 (Dark) ++ - - - - 9.3
< 80 um, pH 10 (Light) |+ + - - - - 104
< 80 ym, pH 10 (Dark) |+ + - + - - 9.7
Tap, pH 7.6 (Light) +++ ++ + - - 89
Tap, pH 7.6 (Dark) +++ ++ + + - 8.0
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54 CONCLUSIONS

The survival and growth of Legionella in cooling towers are governed by a number of
diverse factors. Such factors include temperature, pH and the presence of other
microorganisms. Any strategy to control proliferation of Legionella in cooling towers will
only be successful when these factors are taken into account.

During this study a novel method was developed and tested for the investigation of the
role of specific external influences on the survival and proliferation of Legionella in
cooling water systems. Using this approach, the importance of cyanobacteria in the
survival of Legionella was demonstrated. The control of these organisms in cooling
water might therefore also contribute to declined levels of Legionella. Measures aimed
at controlling the level of algae in these systems might not necessarily have an effect
on the prokaryotic cyanobacteria.

This study has shown that Legionella might have prolonged activity at a pH value

ranging from 4 to 8 and that manipulating the pH of the cooling water might not be a
viable strategy to control Legionella in cooling towers.
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Appendix A

Table 2.4: Data for figure 2.2

BCYE 253 138 545
MWY 790 392 496
GvPC 640 384 60.0

Table 2.5: Data for figure 2.3

Unconcentrated 195
Filtered 30 144
Centrifuged 69 354

Table 2.6: Organism Recovery after membrane filtration and sonication (seeded samples)

Sample Culture | Control Untreated Heat treated Acid treated
i Identification Medium| Cfu/ml
(x10%)
Cfu/ml % Cfu/mi % cfu/ml %
(x10*) (x10%) (x10%)
50 [Sterile tap water BCYE 78 67.00 85.90 0.26 033 | 6000 | 76.92
BMPA 38.00 48.72 029 037 | 3500 | 4487
GVPC 380 487 020 0.26 1.10 1.41
MWY . . 0.29 037 | 1560 | 2000
51 |Sterile cooling water | BCYE 78 99.00 | 126.92 0.06 0.08 660 | 846
BMPA 14.20 18.21 0.02 0.03 1.80 23
GVPC 5.20 6.67 0.01 0.01 0.60 0.77
MWY 33.00 42.31 0.06 0.08 030 | 038
52 |Sterile makeup water | BCYE 78 70.00 89.74 022 028 | 2800 | 3590
BMPA 5.30 6.79 0.20 026 | 2200 | 2821
GVPC 240 3.08 0.18 0.23 1.20 1.54
MWY 4500 57.69 0.20 0.26 . .
53 [Non-sterile tap water | BCYE 78 6.30 8.08 . . .
BMPA 350 4.49 . . . .
GVPC 0.38 049 - .
MWY 7.90 10.13 - . . .
54 |Non-sterile cooling BCYE 78 30.00 3846 | 1000 | 1282 013 | 017
Water BMPA 2.00 256 0.02 0.03 - .
GVPC 0.30 0.38 0.02 0.03 007 | 009
MWY 1.20 1.54 200 2.56 007 | 009
55 |Non-sterile make-up | BCYE 78 18.00 23.08 7.70 987 | 1000 | 1282
Water BMPA 11.20 14.36 360 462 -
GVPC 0.60 0.77 1.70 2.18 . -
MWY 16.00 20.51 0.90 1.15 -

e plates were contaminated and resulls could not be used
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Table 2.7: MPN results from seeded samples

Sample Positive DFA plates per dilution MPN factor Cells/ml
P identification | -4 [ 2 [ 3 [ 4| 5] 67| (per100ml) | (x10%
Sterile

50 | Tap water nd | 3 3 3 3 3 1 460 46

51  Cooling water nd| 3|3|3|3]|2]|2 210 21

52 | Makeup water nd 3 3 a 2 2 2 28 28

Non-sterile

53 | Tap water nd| 3|3|3|3|3]|1 460 46

54  Cooling water d| 1| 3|3 |3|3]|1 460 46

55 | Makeup water nd 3 [3]|3|3]|2 1,100 110
Nd : not done
Table 2.8: Percent recovery from seeded samples ~ MPN, ISO and AS methods .

- % Recovery
Identification | Sample  Culture Sterile Non-sterile
w Portion  Medium ™ cw MW ™ cy _ _u_w-_
MPN u BCYE 5807 | 2692 | 359 | 5897 | 5897 | 141.03
(celis/ml x 10%)
ISO and AS
(cfu/mi x 10%)
ISO and AS V] BCYE 8500 | 12692 | 89.74 808 | 3846 | 2308
ISO GVPC 487 667 | 308 0.49 0.38 0.77
AS BMPA 48.72 18.21 6.79 4.49 256 14.36
AS MWY . 4231 | 5769 | 1013 154 20.51
|

ISO and AS A BCYE 7682 | 846 | 3590 - 0.17 12.82
ISO GVPC 141 077 | 154 . 0.10 -
AS BMPA 4487 231 | 2821 - - -
AS MWY 20.00 038 . - 0.09
ISO and AS H BCYE 033 @ 008 | 028 . 12.82 9.87
ISO GVPC 026 001 | o023 : 003 218
AS BMPA 0.37 003 | 026 . 003 462
AS MWY 037 008 | 026 . 256 115

* cuftlure medum contaminated. tw - lap wader, ow ma«m makeup wader, U untreaded portion. A . aad treated
pormon, M . heat reated porton

77



Table 2.9: Recovery of L pneumophila from seeded biofilm samples

Biofilm samples Water samples
Sample Portion Medium (highest positive dilution) (highest positive dilution)
Sample A Sample B Sample A Sample B
Untreated | BCYE 3 3 i
GVPC 1 1 1 2
BMPA - 2 2 2
MWY . . 1 3
Acd treated BCYE 2 3 3 1
GVPC v u 1 2
BMPA - 3 - 2
MWY 1 1 1 1
Heat treated BCYE 2 1 2 3 o
GVPC 1 1 1 1
BMPA 1 2 . 3
MW! 1 1 2 'F 2
MPN BCYE 4 3 3 ¥ 3

S
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Appendix B

PROPOSED GUIDELINES FOR ISOLATION AND IDENTIFICATION OF
LEGIONELLA SPECIES FROM ENVIRONMENTAL SAMPLES

1. INTRODUCTION

The proposed guidelines were derived from a combination of methods evaluated
during this research project and are intended for discussion and development

2, SCOPE

The proposed method is applicable to environmental waters, biofilm, sediment,
scale and slime samples and should provide an estimated number of confirmed
legionellae in a given sample. A flow diagram of the proposed method is attached

(Appendix A).
3.  DEFINITION

For the purposes of this standard the following applies:
Legionella is a genus of gram negative organisms that stain weakly with
normal gram stain.
Legionella species do not grow in the absence of L-cysteine and iron.
Legionella species may take up to 10 days to grow on laboratory media.
Colony morphology may differ on various agar media.
Colonies may have a ground-glass appearance when viewed under a stereo
microscope, depending on the species.
Colonies from some species may fluoresce under long wavelength UV light
Colonies may be white, purple to blue or lime green in colour, depending on
the culture medium used.

4. SAFETY

The genus Legionella is classified as a Category 2 biological hazard (Draft
Regulations for Hazardous Biological Agents, Occupational Health and Safety



Act, no. 85 of 1993). Organisms in this category can cause human disease and
may be a hazard to employees, it is unlikely to spread to the community and
there is usually effective prophylaxis or treatment available. The following
containment measures for handling samples in laboratory conditions have been
proposed in the Regulations:

Access should be restricted to nominated persons only.

Specified disinfection procedures must b followed.

Efficient vector control of, for example, rodents and insects, is recommended.
Surfaces and workbenches must be impervious to water and easy to clean.

It is recommended that all surfaces are resistant to acids, alkalis, solvents
and disinfectants.

Biological agents should be stored safely.

The installation of an observation window or something similar is
recommended.

Where applicable, infected material must be handled in a safety cabinet,
isolator or any other suitable containment.

Contaminated materials should be autoclaved before disposal.

5. PRINCIPLE

Bacteria in water samples are concentrated by membrane filtration followed by
re-suspension by sonication. Biofilm, sediment, slime and scale samples are
suspended by sonication. A portion of the sample is subjected to treatment with
heat. Both treated and untreated portions are inoculated onto non-selective and
selective culture media, containing L-cysteine, iron and various antimicrobial
agents. These are incubated aercbically. Presumptive identification is done by
direct immunofluorescence of representative growth on agar media.
Morphologically characteristic single colonies are tested for cysteine
dependence, followed by confirmation by direct immunofluorescence or latex
agglutination. Results are reported as an estimated number of colony forming
units per milliliter of water sample or weight of solid sample submitted.

6. CULTURE MEDIA

Chemicals of analytical grade should be used in the preparation of media and
reagents. Commercially available, dehydrated media may be used according to
manufacturers’ instructions. Media should be prepared using glass distilled water
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or water of equivalent quality. Nutnient agar is used as a negative control for
cysteine dependence.

Quality control of culture media is extremely important. The following should be
taken into account when preparing these media:

BCYE and its additives are heat sensitive.

Prolonged heating or heating to too high temperatures may affect the

nutritional qualities of the medium.

Batch-to-batch variation of ingredients (particularly alpha-ketoglutarate) can

also severely affect the performance of the medium.

The quality of each newly prepared batch of media should e checked for its

ability to promote the growth of L pneumophila within three days of

incubation.

It is not recommended to use previously isolated Legionella species that have

been maintained by passage on agar slopes for assessing growth media, as

legionellae become easily adapted to growth under laboratory conditions and

will grow on media that will not support primary isolation of 'wild’ strains.

GVPC should not be tested using L pneumophila strains that might have

become laboratory acclimatized. The following method can be used to test

the quality of GVPC agar:
Isolate one or more strains of L pneumophila on BCYE.

- Make suspensions of pure cultures in sterile distilled water and keep at —
70°C.

- Grow one suspension of each frozen isolated on BCYE and identify to
species level

- Assign a unique number to this isolate.

- When needed thaw a suspension by standing at room temperature for 2
hours.

- Inoculate two plates from the batch with measured volumes of the
suspension.

- Incubate as usual and count the number of colonies and the time it takes
for them to become visible on the medium.

- Record this and compare to results from previous batches.

6.1 Buffered Charcoal Yeast Extract (BCYE)

Note: The sequence in which the medium is prepared is crucial to its
performance.

Yeast extract (bacteriological grade) 100 g

Agar 120 g

Activated charcoal 15 g
Alpha-ketoglutarate, mono potassium salt 10 g

ACES buffer 100 g

Potassium hydroxide (KOH pellets) 28 g



L-cysteine HCI 04 g
iron (lIl) pyrophosphate [Fe(P,05)] 028g
Distilled water 1000 mi

Prepare fresh sterile solutions of L-cysteine HCI and Iron (lll) pyrophosphate,
separately by adding 0.4 g and 0.28 g to 10 ml volumes of distilled water and
passing each solution through cellulose ester membrane filters with pore size
0.22 ym. Store separately in sterile containers, at —=20°C for not more than 3
months. Thaw at room temperature before use.

Add ACES buffer to 500 mi distilled water and dissolve by standing the mixture in
a water bath at 45-50°C. Add 480 ml of distilled water and all the potassium
hydroxide pellets and mix until the pellets have dissolved.

Add the charcoal, yeast extract, alpha-ketoglutarate. Adjust pH to 6.9 (+/- 0.2),
add agar, mix and autoclave at 121°C for 20 minutes. Place in water bath and
allow to cool to 50°C. Use 0.1 mol/L. KOH or 0.1 mol/L H;SO, for pH adjustment.

Aseptically add the L-cysteine and ison (lll) pyrophosphate solutions.

Pour 20ml amounts in sterile petri dishes of 90-100 mm in diameter and dry
excess moisture from plates. Store plates for a maximum of 4 weeks at 4-6°C in
the dark.

6.2 Selective medium: BCYE with antibiotic supplements (GVPC)

Note: This medium is identical to BCYE, except that the following antibiotic
supplements are added:

Ammonium free glycine 30 g
Polymyxin B sulphate (final concentration — 79,200 IU) 002¢g
Vancomycin hydrochloride 001g
Cycloheximide 02 g

Add 200 mg of polymyxin B sulphate to 100 ml of distilled water. Mix and sterilize
by filtration. Dispense in 5.5ml volumes in sterile containers and store at -20°C.
Thaw at room temperature before use.

Add 200 mg of vancomycin hydrochloride to 20 ml of distilled water, mix and filter
sterilize. Dispense 1ml volumes in sterile containers and store at -20°C. Thaw at
room temperature before use.



Add 2 g of cycloheximide to 100 ml of distilled water and filter sterilise. Dispense
in 4 ml volumes in sterile containers and store at -20°C. Thaw at room
temperature before use. Safety note: Cycloheximide is hepato-toxic — use
gloves and dust mask when handling in powder form.

Follow the instructions for BCYE agar but add the glycine after the ACES buffer
and the alpha-ketoglutarate have been rehydrated, but before the solution is
autoclaved.

Add one volume as specified above of each of the three antibiotic supplements to

one litre of the final medium. Mix well.

6.3 Non-nutrient agar (NN agar) for culture of amoebae

Amoebal saline is prepared as follows.

NaCl 1.20g
MgS0.. 7H;0 004g
CaCl;.2H,0 0.04g
NﬂzHPOq 142 g
KH2P04 1.36 g

Make each up to 100 ml with distilled H,O. For saline, combine 10 ml of each of
the above and make up to 1 litre with distilled H,0.

For non-nutrient agar (NN agar), add 15 g agar to 1 litre of amoebal saline and
autoclave at 32°C for 20 minutes. Pour agar plates to a thickness of
approximately Smm and leave on the bench to set. Store at 4°C in plastic bags
until needed.

h REAGENTS

7.1 Diluents

e Phosphate buffered saline (PBS) is commencally available. Prepare

according to manufacturers’ instructions. The pH should be adjusted to 7.5.
e Sterile distilled water is used for serial dilutions
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7.2 Serological reagents

 Use a commercially available polycional antibody preparation.
 Use a commercially available latex agglutination kit.

7.3  Glycerol mounting medium

Use a commercially available medium or prepare by adding 1 part PBS to 9 parts
glycerol.

8. APPARATUS

¢ Petri dishes (90-100 mm diameter) if culture media prepared in-house

e O; incubator (temperature should be maintained at 35-37°C)

e Water bath (temperature should be maintained at 50°C)

e Magnetic stirrer

e Membrane filtration apparatus (commercially available) - filter cups,
membranes (0.45um pore size, nitrocellulose).

e Centrifuge

e Fluorescence microscope

e Microscope slides and cover slips

o Suitable containers for collection of samples - sterilize by autoclaving or
placing in hot oven

e Forceps

e Scissors

e Source of vacuum

e Bunsen burner

o Glass rods

 Ethanol

9. SAMPLE CONCENTRATION
o Water samples should be concentrated by membrane filtration, using

nitrocellulose membranes with a pore size of 0.45 ym.
o For highly contaminated samples, more than one membrane may be used.
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o To assist re-suspension of organisms, membranes are aseptically cut into
smaller pieces and placed in a sterile container with 10 ml of water from the
original sample.

« Biofilm samples may be concentrated further if necessary, by centrifugation at
3000x g for 30 minutes. Re-suspend the sediment in 10 ml of supernatant.

« Sediment and scale samples are not concentrated. Add sterile glass beads to
aid suspension of solids

10. RE-SUSPENSION OF SAMPLES

o Sonicate sample concentrates for 10 minutes or unti membranes appear
clean.

11. SAMPLE PRETREATMENT

« Heat treatment: place a portion of the sample concentrate in a water bath at
50°C for 30 minutes before making serial dilutions.

¢ Acid treatment is not recommended to replace heat treatment, but may be
added as an extra step if a high level of contamination is suspected. Acid
buffer consists of 3.9 ml of a 0.2mol/ml hydrochloric acid solution added to
25ml of a 0.2mol/ml solution of potassium chloride. Adjust the pH to 2.2 and
store in a dark container for no longer than 2 weeks. Acid treatment is done
as follows: Centrifuge a portion of sample concentrate at 3000x g for 30
minutes, remove half the supernatant, and replace it with acid buffer. Leave
on the bench for 5 minutes and make serial dilutions immediately afterwards.

12. SAMPLE DILUTION

o Tenfold dilutions of both the untreated and treated portions should be made in
sterile distilled water (highest dilution 10°%),

13. DIRECT IMMUNOFLUORESCENCE

¢ Use a portion of the concentrate to perform DFA, as follows:
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« Place a drop of concentrate onto a glass slide and air dry. Heat fix. Add DFA
reagent (L pneumophila SG 1-6 and L micdadei polyvalent conjugate A,
(commercially available) and incubate 30 minutes at 37°C in a moist
chamber. Rinse twice (10 minutes each) with PBS (pH 7.6) using a magnetic
stirrer.

e Dry and mount with buffered glycerol.

14. TEST FOR THE PRESENCE OF AMOEBAE

Flood NN agar plates with a pure broth culture of E coli and incubate at 37°C
overnight or until fluent growth is obtained.

Plates can be prepared in advance and stored in plastic bags at 4°C until
needed.

Place a drop of sample concentrate in the center of the plate and incubate
(inverted) at 37°C until a clear zone is observed, indicating the presence of
amoebae.

Check plates microscopically for the presence of amoebal cysts and record
results.

15. AGAR INOCULATION

¢ Inoculate one BCYE and one GVPC plate for each dilution, with 0.1 ml of the
appropriate sample portion.

e Spread over entire surface of plate using a glass rod.

16. INCUBATION

o Cover inoculated plates with plastic to avoid drying out and incubate
aerobically at 35-37°C for up to 10 days. Check plates regularly within this
period for the presence of legionellae.

17. PRESUMPTIVE IDENTIFICATION

e |If single colonies are present, test all characteristic colonies for cysteine
dependence (see below).
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¢ If no single colonies can be distinguished in any of the dilutions, stain a
representative smear from each dilution by DFA. If positive, report as
presumptive legionellae.

18. CYSTEINE DEPENDENCE

* Inoculate single colonies onto BCYE and nutrient agar or blood agar and
incubate as usual.

e Colonies that grow on BCYE but not on nutrient agar or blood agar are
considered cysteine dependent

19. CONFIRMATION

¢ Colonies that are cysteine dependent are confirmed with DFA and/or lates
agglutination.

20. EXPRESSION OF RESULTS

Results are expressed as an estimated number of colony forming units per
milliliter of original water sample or weight of original solid sample, taking the
dilution factor into account. The highest dilution yielding legionellae should be
reported.

21. TEST REPORT

o Refer to the method used for isolation and identification.

« All details necessary for complete identification of sample site.

e The temperature of storage of the sample in the laboratory.

¢ The volume or mass of sample tested.

¢ Date of sample collection.

e Date sample received in the laboratory.

« Starting date of test.

¢ Date of report.

e Any particular circumstances or conditions observed during the course of
analysis which may have influenced the result.

¢ Which Legionella species the specimen was tested for.

87



Wate

s e———

el

Web: hup

|

T 44

Rese

Y O 5440 Fax

WoWNWTIC.org

M

¢

h

(

PO Box 824, Pretona, 0001, South Alnca

O

Y568

mmissi1on




