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Executive summary

This report covers a study into the prevalence of M. avium complex (MAC) and M.
avium var paratuberculosis (MAP) in potable water in England undertaken by the
Public Health Laboratory Service.  A main driver for the study was concern that
Crohn’s disease, an unpleasant chronic disease of the intestine, could be spread
through drinking water. In brief the objectives of the study were to investigate and
develop suitable methods for culturing MAP and MAC from water. In the second
phase of the study these methods were used to culture MAP and MAC from various
points in six water treatment and distribution systems in England, chosen to represent
a range of sources and treatment conditions.

The isolation method developed for MAC involved addition of cetylpyridinium
chloride (CPC) and Tween 80 followed by concentration by centrifugation. The
resulting pellets were resuspended and inoculated onto Middlebrook 7H10 medium
with cycloheximide and mycobactin J for culture.  The isolation method for MAP
involved addition of CPC followed by filtration, elution from the filter and final
concentration by centrifugation. The resulting pellets were then resuspended and
inoculated onto Herrold’s medium with and without mycobactin J. In addition each
concentrate for MAP culture was inoculated into two bottles of liquid medium for the
automated Organon Technika MB/BacT culture system. The Gen-Probe®
Accuprobe® and Polymerase Chain Reaction Restriction Fragment Analysis
confirmed presumptive positive cultures.

Mycobacteria spp. were isolated from of 19 of 170 water samples (11%) tested. Of
these 3 were MAC (2 M. avium isolates, 1 M. intracellulare isolate). MAP was not
isolated from any sample. These three MAC positive samples were isolated from the
same water treatment and distribution system, once from raw water and twice from
water in distribution. Mycobacteria were only isolated using the MB/BacT system and
not from any of the solid media suggesting the numbers present were low.

Although Mycobacterium spp. were isolated too infrequently to draw definitive
conclusions, it would appear that Mycobacterium spp. were more common in raw
lowland river water and upland impounding reservoir water than in groundwater.
Treated water samples had lower rates of contamination than raw water samples.  The
isolation rate was higher from treated water derived from lowland rivers than treated
water derived from upland or groundwater sources and reflected the incidence in the
source water.  Because the number of samples positive for MAC was low, no
statistically significant difference between sources and treatments was demonstrated.

The failure to detect MAP in any sample provides some assurance that public water
supplies in England are not commonly contaminated with large numbers of MAP.
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1 General Introduction

1.1 Mycobacterium avium Complex (MAC)
The Mycobacterium avium complex (MAC) is a group of phylogenetically similar
organisms, which includes M. intracellulare, M. avium and its subspecies avium,
paratuberculosis and sylvaticum.  Although disease is rare, members of MAC can
cause serious infections, especially in immunocompromised patients.

Organisms of the MAC have been found in a range of environments including soil,
natural water and treated water in distribution systems and are capable of survival
within a wide temperature range.  The numbers present are dependent upon chemical
and physical conditions of the environment and are generally high in soil (Brugere-
Picoux 1998; Dailloux et al 1999a), warm water (Dailloux, Laurain, Weber, &
Hartemann 1999a), hospital distribution systems (Glover et al 1994) and have been
found in swimming pools (Emde, Chomyc, & Finch 1992a). MAC shows some
resistance to chlorine and an association was found between total mycobacteria and
free chlorine in spa and swimming pools (Saito & Tsukamura 1976a).  The
occurrence of environmental mycobacteria has been found to be seasonal in
distribution systems (Kubalek & Komenda 1995a).  MAC can lead to serious
disseminated disease in AIDS patients (Miller et al 1997) and infections have been
linked to the occurrence of MAC in drinking water systems (von Reyn et al 1994).
Some studies have failed to find MAC in a range of water samples from domestic
systems and treatment works (Fischeder, Schulze-Röbbecke & Weber 1991) and in
swimming pools (Iivanainen et al 1999a).  As large numbers of other mycobacteria
were found in many of these studies, then these findings were probably due to MAC
being absent or present only in very small numbers, rather than the use of
inappropriate methodology. They are also slow growing organisms requiring culture
for a minimum of 7 days before visible colonies appear.  Standard water microbiology
methods therefore, do not normally detect these organisms.

The source of MAC infection appears to be the environment as there is no evidence to
date of person to person transmission and despite extensive investigation the precise
mode of transmission remains undetermined.  Infection is thought to occur from
colonisation of the gastrointestinal or respiratory tract.  This suggests that exposure
occurs by inhalation or ingestion and there have been a number of publications
suggesting that treated and untreated water may be a possible primary source of
infection (Montecalvo, 1994, Aronson, 1999, du Moulin, 1988).
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1.2 Mycobacterium avium paratuberculosis (MAP)

M. avium sub sp. paratuberculosis (MAP) is the causative agents of Johne's disease in
cattle a chronic inflammatory disease of the bowel.  Similarities between the clinical
presentations of Johne's disease and the human chronic inflammatory bowel disease,
Crohn's disease have lead to the postulation that the common etiological agent is
MAP. Difficulty in culturing MAP from intestinal tissue has complicated attempts to
examine its precise role.  A number of studies have detected MAP in intestinal biopsy
specimens from patients with Crohn's disease, but not in controls (Hermon-Taylor et
al 1990; Kanazawa et al 1999; Naser et al 1999). Very recent studies have failed to
detect it in cases, either by molecular or culture methods (Cellier et al 1998; Chiba et
al 1998; Kanazawa et al 1999).  It has been proposed that MAP may be the cause of
only specific types of Crohn's disease (Mishina et al 1996) and this may explain some
of the contradictory findings.  Restriction length polymorphism (RFLP) studies using
the 5S rRNA gene has shown that MAP can be differentiated from MAC. Using this
marker, MAP strains from a variety of hosts over a range of geographical locations
were identical (Chiodini 1990).  MAP is characterised in the laboratory by its slow
growth and a requirement for the iron chelator mycobactin J.  The insertion sequence
IS900 is a specific for MAP and DNA sequences, derived from IS900, have been used
in the development of a PCR method for the detection of MAP in cattle faeces (Vary
et al 1990).  The IS900 PCR has also been used in the direct detection of MAP in milk
(Millar et al 1996), although 50% of positive samples were culture negative and 16%
of the samples negative by PCR were culture positive in this study.  Direct molecular
detection may be worthwhile for water, although culture will still be required in order
to establish viability.  The IS900 PCR will be of greatest value for the screening of
mycobacteria cultured from water.  The levels of MAP in natural and treated water are
unknown.  A strain of M. avium isolated from a municipal water supply (Glover et al
1999) has been found to be MAP on subsequent examination with molecular
techniques (IS900) (Mishina  et al 1996).

Wood pigeon strains of M. avium have a broad host range and have been isolated
from many bird species and from mammals.  They have also been isolated from
intestinal tissue taken from patients with Crohn's disease and ulcerative colitis
(McFadden et al 1992).  They can be differentiated from the M. avium group by
phenotypic characteristics, such as their inability to grow on egg media and
stimulation of their growth at pH 5.5, as well as by genomic analysis.  Their
requirement for mycobactin J is dependent upon the isolation medium.  Wood pigeon
strains requirement for mycobactin J is dependent on the isolation medium. It is
required for growth on Watson-Reid medium but not Middlebrook 7H10
supplemented with oleic acid-albumin-dextrose-catalase (OADC) (Thorel & Haagsma
1987).  As a result of these characteristics, it has been proposed that wood pigeon
strains should be recognised as a separate sub species (Thorel, Krichevsky, & Levy-
Frebault 1990).

Non-tuberculous mycobacterial infection rates in the UK remain low although the
numbers attributed to MAC are rising.  About 20% of this rise was directly linked to
an HIV positive status, reasons for the remaining increases are unclear.  As MAC has
been isolated from water distribution supplies and been linked to infection in AIDS
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patients. Concern has been expressed that Crohn's disease may also be associated with
infection by MAP acquired by the water route.

In the UK there is little data available about the distribution of MAC in treated water
systems, their isolation is time consuming and complex and no single suitable method
has yet been established.  Given the extended culture requirements for MAP over and
above that required for other members of the MAC it was decided to establish a
method of isolation and enrichment for MAP, and a second method for MAC
organisms.  In addition, given the long incubation required for MAP to use MAC
organism counts as a model or indicator for MAP numbers.

1.3 Project aims and objectives

The project was designed to assess the concentration and distribution of MAC and
MAP in water sources and its fate in water treatment and distribution systems. The
work was carried out in two phases.

The objectives of Phase 1 of this contract were:

(i) To investigate possible culture techniques for MAC and MAP and to advise
whether monitoring of MAP was feasible.  If MAP monitoring was not feasible, to
select a method for MAC and justify its suitability for application in this project.

(ii) To designate two sites where water was abstracted for drinking water treatment
and carry out a trial period of monitoring of the raw water to confirm that the
concentration of MAC bacteria are likely to be adequate for the purposes of this study.

 The objectives of Phase 2 of this contract were:

(iii) Conditional upon successful completion of objective (ii), to designate a total of
six sites where water was abstracted for drinking water treatment. The sites had to
represent a range of water quality characteristics and treatment capabilities; one site
had to be a groundwater source susceptible to rapid infiltration by surface water and
one had to include the use of chloramination.

(iv) To carry out a programme of monitoring for MAC bacteria at each site with a
view to characterising the typical concentrations and seasonal variations in
concentrations of MAC bacteria in raw water and the concentrations in treated water.

(v) To concurrently examine samples from the distribution systems and from
consumers' premises in order to establish whether there was any change during
distribution of the concentrations of MAC. In addition, to investigate whether there
was any difference in systems using chloramine as opposed to free chlorine as the
residual disinfectant in distribution.

(vi) To assess the data obtained and to report on the effectiveness of the selected
treatment processes in removing and/or inactivating MAC bacteria
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(vii) To report on whether passage through distribution systems causes attenuation or
increase in concentrations of MAC and to assess whether maintenance of disinfectant
residuals had any influence on MAC concentrations.

Due to time restrictions it was not possible to perform an extensive comparison of
methods.  Therefore those methods examined in phase 1, which have widespread use
in clinical, veterinary and environmental mycobacteriology, were selected following a
review of the methods used by others to isolate MAC and MAP from environmental
specimens.
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2 Review of the literature on the isolation of MAC
and MAP from water

A review of the published literature highlighted NaOH and CPC as the most common
reagents used in the decontamination of environmental waters for the recovery of non-
tuberculous mycobacteria.  Other points that were raised included combining reagents
to maximise the recovery of MAC and MAP from water samples and optimising the
decontaminants specifically to the sample type regarding concentrations and exposure
time.  Combining decontamination with selective media would also be useful to
enhance the recovery of MAC and MAP.  At least two forms of solid media (one with
egg yolk and mycobactin J) were tested for the enumeration studies of both MAC and
MAP, a broth media was additionally employed to improve the recovery rate and
reduce detection times of MAP.

Further suggestions included the inclusion of cycloheximide to the solid media to
inhibit fungal growth and the addition of other antibiotics, however these have to be
used with caution as they may have an inhibitory effect upon MAC and MAP.  As
antibiotics are considered to be essential for use with liquid media, commercially
available antibiotic formulations, PANTA or PACT (see below) were used in the
MBBacT trials.  The manipulation of the incubation conditions such as growth media,
pH, temperature and varying the CO2 atmosphere may improve the recovery of MAC
and MAP.

2.1 Introduction
A wide range of decontamination procedures and culture conditions have been used
by a variety of researchers to selectively isolate non - tuberculous mycobacteria from
environmental and clinical samples (Table 1).  A critical assessment of the efficacy of
the different isolation methods used is made more difficult by the use of many
different combinations of the variety of procedures and incubation conditions
available.  There are many reports of the isolation of MAC from water and the
environment but few relate specifically to the isolation of MAP.  There has been no
systematic comparison of all the available methods and consequently there is no
standard protocol for isolating either MAC or MAP from water.  There is evidence
that different treatments will yield different groups of mycobacteria (Iivanainen et al
1999b), although there is relatively little information available on this.

2.2 Decontamination
The majority of water samples will contain microorganisms that will grow rapidly on
culture media preventing the detection of MAC and MAP.  Therefore a
decontamination stage is required to selectively kill these microorganisms.
Decontamination methods take advantage of the natural resistance of mycobacteria to
various chemicals.  This decontamination procedure is a balance between maximising
recovery of MAC and MAP and minimising contamination by other bacteria and
fungi.  Mycobacterial counts have been found to be up to a hundred times greater in
samples before treatment with chemical decontamination (Iivanainen et al 1999b).
The procedures used should be adapted to the mycobacterial species of interest and
the level of mycobacteria and contaminating microorganisms likely to be present.
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The most frequently used decontaminants are NaOH, oxalic acid, malachite green,
benzalkonium chloride, cetylpyridinium chloride (CPC), also known as
hexadecylpyridinium, and a variety of antibiotics (Songer 1981).

2.2.1 Sodium hydroxide
Relatively high concentrations of NaOH are commonly used for the treatment of
sputum samples prior to culture for M. tuberculosis, but these may be too harsh for
MAC and MAP.  However, 2.8% NaOH followed by 2.5% oxalic acid has been used
successfully for the isolation of environmental mycobacteria from streams
(Iivanainen, Martikainen, & Katila 1997).  It gave a higher isolation rate and lower
contamination rates than pre-treatment with sulphuric acid with cycloheximide.

2.2.2 Cetylpyridinium chloride

CPC has been the decontaminant of choice for most researchers attempting to isolate
MAC and MAP from environmental samples.  It has been suggested that CPC should
be used in conjunction with an egg-based medium as the egg components inactivate
CPC after plating (Smithwick, Stratigos & David 1975; Songer 1981).  However, a
variety of studies have used CPC as a decontaminant in conjunction with
Middlebrook medium without egg, and have been successful in isolating
mycobacteria from water, after rinsing the filter in sterile water prior to plating.

Numerous combinations of contact times and concentrations have been employed for
CPC treatment.  The optimum conditions will depend upon the sample type and the
degree of contamination.  Relatively high concentrations have been used in the
decontamination of milk and faecal samples.  Optimal recovery (30% recovery and
10% contamination rate) was found using 0.75% CPC for 5 hours (Rowe, Dundee,
Grant, personal communication) with 106 cfu / ml MAP spiked into milk samples.
The same concentration with a 48-72 h exposure time was also used successful in
isolating MAP from sheep faeces (Whittington et al 1999).  Milk and faeces are likely
to exert a protective affect on microorganisms during decontamination and
concentrations of CPC used for water samples have typically been lower.

A final concentration of 0.05% CPC with a 30 minutes exposure time was found to be
optimal for the isolation of environmental mycobacteria from surface water, with
0.005% CPC best for treated water (Neumann et al 1997).  In another study, MAC
seeded into clean water was found to be relatively resistant to exposure to 0.005%
CPC for 30 minutes, while other genera and rapidly growing mycobacteria were
significantly more susceptible (Schulze-Röbbecke, Weber & Fischeder 1991).  A
concentration of 0.005% for 20 minutes was also effective for high isolation rates of
environmental mycobacteria without contamination from swimming pools, although
no MAC was detected (Iivanainen et al 1999b).  The same concentration was
adequate for isolating MAC and other environmental mycobacteria from tap water
(Peters et al 1995).  Long exposure times (24 hours) to CPC have also given good
results (du Moulin & Stottmeier 1978).  Contact with 0.04% CPC for 24 hours did not
affect the recovery of MAC seeded into sterile distilled water, but was inhibitory to
other environmental mycobacteria species and other genera.  Some contaminating
bacteria have been reported to show a degree of resistance to CPC.  Gram negative
bacteria, seeded into sterile reverse osmosis water and exposed to concentrations of
0.01% CPC for 10 minutes brought about only a tenfold reduction in numbers, with a
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concentration of 0.1% for 30 minutes required for a greater than hundred-fold
reduction (Carson et al 1988).

Several studies have attempted to compare CPC with other decontamination agents,
but failed to reach meaningful conclusions.  Three different methods, involving CPC
or NaOH and three different media, were compared (Peters et al 1995).  The low
numbers of isolates obtained made it impossible to assess the efficiency of any of the
procedures or cultural conditions used.  A recovery of approximately 33% of seeded
MAC cells into sterile water was reported for treatment with either CPC or NaOH
followed by membrane filtration (Yajko et al 1995).  The concentration and time of
exposure were not stated and it was not clear for which treatment these results were
obtained.  Also, the rate of isolation for MAC from tap water was low in this study.
Other studies have concluded that CPC is more effective than NaOH for the isolation
of MAC from water (Neumann et al 1997; Schulze-Röbbecke, Weber, & Fischeder
1991).  Although CPC was the best decontaminant for the isolation of MAC from
treated drinking water, it had the highest reduction of seeded MAC compared with
NaOH and oxalic acid (Glover et al 1999).  The comparative efficacy of CPC and
NaOH will be greatly influenced by the exposure times and concentrations used
(Schulze-Röbbecke, Weber, & Fischeder 1991).

2.2.3 Benzalkonium chloride
Overnight treatment with benzalkonium chloride (0.1% final concentration) has been
used as a decontaminant for the culture of MAP from milk (Millar et al 1996).
Unfortunately, as subsequent culture was only carried out in a liquid medium and
most of the samples were contaminated, its efficacy could not be fully assessed.
Benzalkonium chloride (0.03 or 0.13%) gave a higher rate of recovery of MAC
seeded into soil compared with NaOH, however again the frequency of
contamination, particularly by fungi, was high (Brooks et al 1984).

2.2.4 Spore germination

Another possible decontamination step is the pre incubation of samples in tryptic soy
broth to allow germination of spores (Neumann et al 1997).  However, bacterial and
fungal spores have been shown to be susceptible to low concentrations of CPC
(Neumann et al 1997), and thus a pre-incubation step is probably unnecessary.
However, pre enrichment might be of use when using NaOH as a decontaminant.

2.2.5 Immunomagnetic separation
Immuno-magnetic separation (IMS) has been successful in detecting low numbers of
MAP (down to 10 CFU ml-1) in milk but was only partially successful as there was
cross reactivity with other mycobacteria and other genera due to the MAP polyclonal
antibody to used (Grant, Ball, & Rowe 1998).  Further evaluation of this technique is
required in order to assess its usefulness, but it is a potentially powerful tool for
decontaminating samples and concentrating MAC and MAP in one step.

2.2.6 Freezing

Mycobacteria are relatively resistant to freezing due to their lipid-rich cell envelope.
Freezing of water samples at -70ºC, without the addition of a cryoprotectant was
shown to reduce the viable count of total heterotrophic bacteria while counts of
mycobacteria were increased three-fold on average (Iivanainen, Martikainen, & Katila
1995).  This increase was attributed to the dispersal of clumps and detachment of
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mycobacterial cells from particles.  The number of colony forming units of MAP has
also been reported to increase after freezing cultures with a cryoprotectant added
(Rowe et al personal communication).  However, poor survival characteristics have
been reported for MAP in frozen faecal samples (Richards & Thoen 1977).

2.3 Culture
The media used for isolation generally fall into two groups.  Those containing egg, for
example Lowenstein-Jensen (LJ) with whole egg or Herrold's egg-yolk medium
(HEYM) with egg yolk and those without egg components such as Middlebrook
media.  There are many variations of these basic media with a range of growth factors,
selective agents and different carbon sources added (Songer 1981).

HEYM has been used widely for culturing MAP and is the gold standard.  However,
Middlebrook agar has the advantage over traditional egg-based media such as HEYM
and LJ in that its translucent property allows microscopic examination of colonies
which can speed up detection of mycobacteria considerably (Idigoras et al 1995;
Welch et al 1993).

Pyruvate and glycerol are the two most common carbon sources used for culturing
mycobacteria.  Although pyruvate was shown to stimulate the growth of MAC, some
strains were inhibited by it (Katila & Mattila 1991).  A comparison of Middlebrook
7H11 agar and egg yolk media at pH 5.5 or 6.5, with either glycerol or pyruvate as a
carbon source found that all media performed equally well for isolating mycobacteria
from untreated surface water, although contamination was greater on Middlebrook
7H11 (Iivanainen, Martikainen, & Katila 1997).  The inclusion of both glycerol and
pyruvate in the same medium has been reported to be problematic (cited in (Katila &
Mattila 1991)).

2.3.1 Antibiotics

A higher recovery rate has been reported for MAC from clinical specimens with
Bactec 12B and Middlebrook 7H11 than for LJ (Wilson et al 1995).  The minimum
detection times for a variety of pure cultures of MAP were shortest in BACTEC 7H12
broth (Damato & Collins 1990).  The use of microscopic colony detection also meant
that detection was faster on the corresponding solid medium, Middlebrook 7H10 agar
supplemented with mycobactin J, than on HEYM (23 days on Middlebrook 7H10 agar
compared with 43 days on HEYM).  This study also found that excess mycobactin J
was inhibitory to the growth of MAP, although it was thought that this could have
been due to the alcohol used to dissolve the mycobactin J.  BACTEC 12B
supplemented with mycobactin and egg yolk, has proved more sensitive than both
HEYM and LJ for the isolation of MAP from the faeces of infected cattle (Collins et
al 1990).

The addition of antibiotics is essential for liquid cultures, and may also prove useful
for solid media in order to further reduce contamination.  The anti fungal compound
cycloheximide (0.5g/L) has been used successfully in a variety of studies isolating
mycobacteria from the environment (Holtzman et al 1997; Iivanainen, Martikainen, &
Katila 1997).  The addition of PACT (50 U/ml polymyxin B, 5µg/ml amphotericin B,
25µg/ml carbenicillin and 2.5µg/ml trimethoprim) to Middlebrook 7H11 medium was
successful for the isolation of MAC from tap water.  PANTA is a cocktail of
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antibiotics containing polymyxin B, amphotericin B, nalidixic acid, trimethoprim,
azlocillin and regularly used in conjunction with BACTEC media and a half strength
solution is effective for the isolation of MAP from milk (Rowe et al personal
communication).  Contamination rates were low (3.9% of cultures) for BACTEC 12B
and the addition of a mixture of antibiotics consisting of vancomycin, amphotericin B
and nalidixic acid gave a slightly higher rate of isolation than PANTA and was less
expensive (Collins et al 1990).  The nalidixic acid component of PANTA has been
reported to be inhibitory to some strains of M. kansasii (Conville, Andrews &
Witebsky 1995).  Any inhibitory affect of antibiotics added to the medium on MAC
and MAP will need to be assessed in validation studies.

Malachite green is commonly incorporated into media used for the culture of
mycobacteria.  However a concentration of 0.0025% has been reported to be
inhibitory for a variety of MAC, with survival ranging from 4.3 to 85% of the
numbers recovered on media without malachite green (Brooks et al  1984).  It was
suggested that NaOH treatment used in the decontaminating stage might have
contributed to this effect.  Ethambutol and ofloxacin were found to reduce
contamination and the variety of mycobacteria strains isolated from water (Neumann
et al 1997).  Ogawa egg yolk medium containing ethambutol and ofloxacin was found
to be inhibitory for most rapidly growing and non-pathogenic slow growing
mycobacteria and proved useful for the isolation of MAC from water and soil
(Ichiyama, Shimokata, & Tsukamura 1988).  However, some strains of MAC may be
sensitive to these antibiotics and their use may have a significant detrimental affect on
their isolation from water.

Molecular investigations have raised the possibility that there are distinct strains of
MAP (Collins, Gabric, & de Lisle 1990).  Some of the sheep strains of MAP have
been reported to be difficult to culture on HEYM (Collins, Gabric, & de Lisle 1990).
However, culture was successful on Middlebrook 7H10 and 7H11 agars, which had a
similar basic composition to BACTEC 12B medium, supplemented with mycobactin J
and egg yolk (Whittington et al 1999).  Malachite green was also added to the solid
medium to inhibit the growth of contaminants.  Primary isolation of strains from
infected sheep has also been reported to be more efficient on Middlebrook
7H11/OADC without the addition of mycobactin than with it added, although
mycobactin was required for isolation on LJ (Aduriz, Juste, & Cortabarria 1995).  The
authors stated that HEYM with sodium pyruvate and mycobactin was better for cattle
strains while LJ with mycobactin but without sodium pyruvate gave good recovery for
sheep strains, although no experimental validation was reported for this.  MAP was
isolated from sheep with Johne's disease in India, using 0.75% HPC for de-
contamination and HEYM containing 0.2% mycobactin J (Singh et al 1996).

2.3.2 Culture conditions

Varying the incubation conditions will also affect the recovery of MAC and MAP.
An atmosphere of 10% CO2 with filters placed directly onto plates of Middlebrook
agar containing PACT antibiotics was successful in the isolation of MAC from water
(Graham Jr et al 1988).  The pH of the medium may influence recovery.  Many
environmental mycobacteria have pH optima 5.4-6.5 (Neumann et al 1997), whereas
the pH of HEYM is neutral.  The growth of MAC was reported to be enhanced and
the recovery from clinical specimens improved on acidified LJ (pH 6.2) (Katila &
Mattila 1991).  The choice of incubation temperature (usually 30ºC or 37ºC) may also
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affect the ability of cells to grow after the decontamination stage and hence their
detection in water (Dailloux et al 1999b; Neumann et al 1997).  It has also been
suggested that incubation at higher temperatures might be useful for selectively
isolating the more thermophilic mycobacteria species, such as MAC, by inhibiting the
growth of other mycobacteria.  However, in the two studies where this strategy was
used, its benefit is difficult to assess.  In one study (Iivanainen et al 1999b), no MAC
were isolated from swimming pool water incubated at 40ºC, while other species did
grow.  In the second study (von Reyn et al 1994), it was not stated whether the MAC
were isolated at 37ºC or 44ºC.  When there is no scope within a test protocol for
examining different incubation temperatures, then 37ºC would be the preferred
temperature as it is likely to be the optimum for MAP and pathogenic strains of MAC.

2.4 Concentration
The two most common methods involve filtration or centrifugation.  When using
filtration, filter membranes can be placed directly onto media contained in petri
dishes, and the colonies enumerated after a suitable incubation period.  This method
may be problematic for culturing MAP as the prolonged incubation times (typically 6-
8 weeks) may result in drying out of the medium in petri dishes (Rowe et al personal
communication).  The recovery of MAC from the environment may also be higher
after long incubation periods as the numbers of mycobacteria isolated from brook
water increased up to the fourth month after inoculation (Iivanainen, Martikainen &
Katila 1997).  To prevent drying out of the medium, culture may be carried out in
screw top bottles.  However, this technique will require the elution of bacteria from
the filter, which could reduce the sensitivity of detection.  Shaking filters in a rotary
mixer for 5 minutes was found to be insufficient for eluting attached mycobacteria
(Iivanainen, Martikainen & Katila 1995).  A rubbing technique that involves manually
scraping the surface of the medium has been found to be efficient for eluting
Legionella from membranes.  The reduced surface area of the medium in bottles may
make colony counting problematic.  This may be resolved by using a thin layer of
medium contained within a flat plastic tissue culture bottle, sealed with a screw top.
This method will prevent the medium drying out, provide a large surface area for
colony enumeration and allow early detection of colonies by microscopy.  However,
prior elution of bacteria from the membrane is still required.
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Table 2. 1 Methods of decontamination and culture used for isolation of Mycobacteria  from water amendments

Chemical
pre-treatment

Exposure
Conc

Exposure
Time

Medium Culture
temp

Water source Concentration of
mycobacteria

MAC isolated Study

NaOH &/or
oxalic acid

1 or 3%
NaOH

5% oxalic
acid

15 min Middlebrook 7H10+ 0.5
mgl-1 cycloheximide

37ºC Service reservoir outlets, hot
and cold hospital and
domestic taps

Filtration, filters rinsed
and placed on agar

Yes  (and MAP during
study but method used
not specified)

(Glover, Holtzman, Aronson,
Froman, Berlin, Dominguez,
Kunkel, Overturf, Stelma, Smith &
Yakrus 1999)

CPC 0.04% 24 h Middlebrook 7H10+ 0.5
mgl-1 cycloheximide

37ºC Service reservoir outlets, hot
and cold hospital and
domestic taps

Filtration, filters rinsed
and placed on agar

Yes  (and MAP during
study but method used
not specified)

(Glover, Holtzman, Aronson,
Froman, Berlin, Dominguez,
Kunkel, Overturf, Stelma, Smith &
Yakrus 1999)

H2SO4 4% 30 min Dubos Oleic Agar Base
with malachite green,
glycerol, glucose and
egg-yolk

30 and
37ºC

Bottled water Filtration, elution by
shaking segments of filter
with water and glass
beads

Low numbers of other
mycobacteria

(Caroli, Levre, Armani, Biffi-
Gentili & Molinari 1985)

Oxalic acid 5% 15 min Middlebrook 7H11-
OADC + 0.5 mgl-1
cycloheximide

37ºC Bottled water Filtration; filters rinsed
and placed on agar

No mycobacteria isolated (Holtzman, Aronson, Glover,
Froman, Stelma, Sebata, Boian,
Tran & Berlin 1997)

CPC 0.04% or
0.004%

30 min or
24 h

Middlebrook 7H11-
OADC + 0.5 mgl-1
cycloheximide

37ºC Bottled water Filtration; filters rinsed
and placed on agar

No mycobacteria isolated (Holtzman, Aronson, Glover,
Froman, Stelma, Sebata, Boian,
Tran & Berlin 1997)

NaOH 1% 15 min Middlebrook 7H11-
OADC + 0.5 mgl-1

cycloheximide

37ºC Bottled water Filtration; filters rinsed
and placed on agar

No mycobacteria isolated (Holtzman, Aronson, Glover,
Froman, Stelma, Sebata, Boian,
Tran & Berlin 1997)

None - - Middlebrook 7H11-
OADC + 0.5 mgl-1
cycloheximide

37ºC Bottled water Filtration; filters rinsed
and placed on agar

No mycobacteria isolated (Holtzman, Aronson, Glover,
Froman, Stelma, Sebata, Boian,
Tran & Berlin 1997)

NaOH 3.5% 5-12 min * Marks buffered egg
medium, LJ,
Middlebrook 7H10 with
and without haemin,
Saunton broth;
7H12 BACTEC

25, 30,
37ºC;
5%CO2

Swimming pools Filtration; filter placed on
medium

Yes and other mycobacteria (Emde, Chomyc & Finch 1992b)

Oxalic acid 5% 15 min Middl4ebrook 7H11-
OADC + 0.5 mgl-1
cycloheximide

40ºC Swimming pools Filtration, filter  washed in
water and placed on
medium

None detected, other
species only

(Iivanainen, Northrup, Arbeit,
Ristola, Katila & VonReyn 1999b)

CPC 0.005% 18h Middlebrook 7H11-
OADC (pH 5.5)

40ºC Swimming pools Filtration, filter  washed in
phosphate buffer and
placed on medium

None detected, other
species only

(Iivanainen, Northrup, Arbeit,
Ristola, Katila & VonReyn 1999b)

CPC 0.005% 20 min 'Egg medium' + glycerol
with and without 0.5 mgl-
1 cycloheximide (pH 6.3);
'Egg medium' + glycerol
(pH 5.); 'Egg medium' +
pyruvate (pH6.3); 'Egg
medium' with 0.5mgl-1
cycloheximide +
pyruvate (pH5.8))

30ºC Swimming pools Filtration, elution by
shaking segments of filter
with water and glass
beads

None detected, other
species only

(Iivanainen, Northrup, Arbeit,
Ristola, Katila & VonReyn 1999b)

None - - 'Egg medium' with 30ºC Swimming pools Filtration, elution by None detected, other (Iivanainen, Northrup, Arbeit,
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Chemical
pre-treatment

Exposure
Conc

Exposure
Time

Medium Culture
temp

Water source Concentration of
mycobacteria

MAC isolated Study

0.5mgl-1 cycloheximide +
glycerol (pH5.8)
'Egg medium' with
0.5mgl-1 cycloheximide +
pyruvate (pH5.8) ,

shaking segments of filter
with water and glass
beads

species only Ristola, Katila & von Reyn 1999b)

H2SO4 -
cycloheximide

5ml 2M
H2SO4 +
0.07%

cyclohexi
mide

45 min Middlebrook 7H11-
OADC (pH 6.6); Egg
medium + glycerol (pH
6.5); Egg medium +
glycerol (pH 5.5); Egg
medium + pyruvate (pH
6.5)
Egg medium + pyruvate
(pH 5.5)

NS Brooks Filtration,  elution by
segments of filter shaken
with water and glass
beads

Mycobacteria spp. (Iivanainen, Martikainen & Katila
1997)

NaOH + oxalic
acid

2.7 %
NaOH

2.5% OA
(20 min)

35 min Middlebrook 7H11-
OADC (pH 6.6); Egg
medium + glycerol (pH
6.5); Egg medium +
glycerol (pH 5.5); Egg
medium + pyruvate (pH
6.5); Egg medium +
pyruvate (pH 5.5)

NS Brooks Filtration,  elution by
segments of filter shaken
with water and glass
beads

Mycobacteria spp. (higher
positive rate than H2SO4 -
cycloheximide)

(Iivanainen, Martikainen & Katila
1997)

NaOH 2% 10 min Ogawa whole-egg
medium + ofloxacin and
ethambutol

NS River water Centrifugation Yes (selective for) (Ichiyama, Shimokata &
Tsukamura 1988)

NaOH 2% 15 min Ogawa egg medium NS Swimming pool water Refrigerated overnight,
supernatant discarded
and residue used
centrifuged after
decontamination

Yes (Saito & Tsukamura 1976b)

CPC 0.005% 30 min Middlebrook 7H10-
OADC,

35ºC,
5% CO2

Hospital distribution systems Filtration, Filter washed in
water and placed on
medium

No, other mycobacteria only (Vantarakis, Tsintzou,
Diamandopoulos &
Papapetropoulou 1998)

Pre incubation
in TSB,  then
malachite
green,
cycloheximide
and NaOH
(4%)

malachite
green

(0.2%),
cyclohexi

mide
(0.4gl-1),
NaOH
(4%)

30 min LJ, Ogawa egg yolk
medium and Ogawa
whole-egg medium +
ofloxacin and
ethambutol

30 and
37ºC

Untreated surface,
treatment works and hot and
cold domestic distribution
systems

Filtration, segments of
filter placed on medium

Few isolate, many other
mycobacteria isolated

(Neumann, Schulze-Röbbecke,
Hagenau & Behringer 1997)

CPC 0.005% or
0.05%

30 min LJ, Ogawa egg yolk
medium and Ogawa
whole-egg medium,

30 and
37ºC

Untreated surface,
treatment works and hot and
cold domestic distribution
systems

Filtration, segments of
filter placed on medium

Few isolate, many other
mycobacteria isolated

(Neumann, Schulze-Röbbecke,
Hagenau & Behringer 1997)

CPC 0.04% 18h Middlebrook 7H10 (pH
5.5)

44ºC Distribution systems, and
various surface waters
including marshes and
ponds from diverse

Filter washed in water
and placed on medium

Recovered from all water
types

(VonReyn, Maslow, Barber,
Falkinham III & Arbeit 1994)
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Chemical
pre-treatment

Exposure
Conc

Exposure
Time

Medium Culture
temp

Water source Concentration of
mycobacteria

MAC isolated Study

geographical regions
None - - Tsukamura minimal-

Tween 80-cycloheximide
agar, incubated

37ºC,
air

Distribution systems, and
various surface waters
including marshes and
ponds from diverse
geographical regions

Centrifugation Recovered from all water
types

(VonReyn, Maslow, Barber,
Falkinham III & Arbeit 1994)

Sulphuric acid 6% 30 min Middlebrook 7H10-
OADC, either with
malachite green or
crystal violet

30ºC Swimming and spa  pool Filtration followed by
shaking of filter strips with
glass beads in peptone
saline and plating of liquid
fraction.

Y (Havelaar, Berwald, Groothuis &
Baas 1985)

NaOH
(washed with
saline)

2% 15 min LJ 30 and
37ºC

Potable distribution
systems, ,canals, fishponds
and waste water treatment
ponds

Centrifugation No, but a variety of non-
tuberculous mycobacteria

(Haas & Fattal 1990)

NaOH 1% or 2% 30 min Middlebrook 7H10 30ºC Laboratory -grown cultures
only.

Centrifugation Treatment with 2% NaOH
significantly reduced
survival of water-grown cells
compared with 1% NaOH

(Brooks, George, Parker,
Falkinham III & Gruff 1984)

CPC 0.005% 15 min Middlebrook 7H10-
OADC or LJ,

37ºC,
5%CO2

Tap water Filtration N (Peters, Muller, Rüsch-Gerdes,
Seidel, Gobel, Pohle & Ruf 1995)

NaOH NS NS BACTEC followed by LJ 37ºC Tap water Centrifugation N (Peters, Muller, Rüsch-Gerdes,
Seidel, Gobel, Pohle & Ruf 1995)

NaOH NS NS Middlebrook 7H10-
OADC, BACTEC and LJ

37ºC Tap water Filtration/ sonication and
inoculation of suspension
onto media

Low numbers (Peters, Muller, Rüsch-Gerdes,
Seidel, Gobel, Pohle & Ruf 1995)

None - - Middlebrook 7H10 NS Raw, plant effluent and
distribution system ground
and surface water

Centrifugation and direct
culture of deposit

Yes (Norton, LeChevallier, Falkinham,
Williams & Taylor 1999)

CPC 0.001 and
0.005%

30 min Middlebrook 7H10-
OADC

NS Domestic hot water and
seeded test strains

Filtration, filter washed
sd water before placed on
agar

No, but effective for seeded
strains

(Schulze-Röbbecke, Weber &
Fischeder 1991)

NaOH 0.5 and
1%

30 min Middlebrook 7H10-
OADC

NS Domestic hot water and
seeded test strains

Filtration, filter washed sd
water before placed on
agar

No (Schulze-Röbbecke, Weber &
Fischeder 1991)

Formaldehyde 0.1 and
0.5%

60 min Middlebrook 7H10-
OADC

NS Domestic hot water and
seeded test strains

Filtration, filter washed sd
water before placed on
agar

No, not effective for
recovery of seeded strains

(Schulze-Röbbecke, Weber &
Fischeder 1991)

CPC 0.04% 18h Middlebrook 7H10,
pH5.5

44ºC Treated mains and raw
surface

Filter washed sd water
before placed on agar

Y (VonReyn, Maslow, Barber,
Falkinham III & Arbeit 1994)

None - - Middlebrook 7H11 +
PACT,

35ºC;
10%CO
2

Distribution systems Filter washed sd water
before placed on agar

Y (Graham Jr, Warren, Tsang &
Dalton 1988)

NaOH + oxalic
acid or H2SO4-
cycloheximde

NS NS Egg medium +
cycloheximide with
glycerol or pyruvate, pH
6.5 or 5.5,

30ºC Raw surface Filtration and elution by
shaking

Mycobacterium spp. (no
species identification)

(Iivanainen, Martikainen & Katila
1995)

CPC 0.04% 24h Middlebrook 7H10 37ºC, Distribution systems Filter washed sd water Y (du Moulin & Stottmeier 1978)
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Chemical
pre-treatment

Exposure
Conc

Exposure
Time

Medium Culture
temp

Water source Concentration of
mycobacteria

MAC isolated Study

air before placed on agar
CPC 0.04% NS LJ and Middlebrook agar 35ºC Distribution systems and

other miscellaneous
including flower vase and
aquarium water

NS Y (2% samples) (Yajko, Chin, Gonzalez, Nassos,
Hopewell, Reingold, Horsburgh,
Jr., Yakrus, Ostroff & Hadley
1995)

NaOH 1% NS LJ and Middlebrook agar 35ºC Distribution systems and
other miscellaneous
including flower vase and
aquarium water

NS Y (2% samples) (Yajko, Chin, Gonzalez, Nassos,
Hopewell, Reingold, Horsburgh,
Jr., Yakrus, Ostroff & Hadley
1995)

CPC 0.001-
0.05%

30 min Middlebrook 7H10-
OADC agar

20, 30
and
37ºC

Distribution systems,
groundwater and drinking
water treatment plant

Filter washed in sterile
water before placing on
agar

No MAC isolated (other
mycobacteria only)

(Fischeder, Schulze-Röbbecke &
Weber 1991)

None - - Tsukamura minimal-
Tween 80-cycloheximide
agar, pH 5.5

37ºC;
air

Distribution systems, and
various surface waters
including marshes and
ponds from diverse
geographical regions

Centrifugation with direct
plating of deposit

Recovered from all water
types

(Von Reyn, Waddell, Eaton,
Arbeit, Maslow, Barber, Brindle,
Gilks, Lumio, Lähdevirta, Ranki,
Dawson & Falkinham 1993)

NaOH + lauryl
sulphate

1%NaOH NS LJ 25 +
37ºC

Distribution systems Filter shaken in PBS, 20
min, and sample
centrifuged

N (Other species of
mycobacteria)

(Kubalek & Komenda 1995b)

NS = Not stated * Dependent upon results of pre culture for 24h
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2.5 Conclusions

• NaOH and CPC have been the most common reagents used in decontamination of
water during the isolation of non-tuberculous mycobacteria from the environment.
The use of both reagents might be expected to maximise recovery of MAC and
MAP from water.

• The exposure concentrations and time should be adapted and optimised for the
water type.

• In order to selectively isolate MAC and MAP, at least 2 solid media (with egg
yolk and mycobactin J added to one) medium should be used for enumeration
studies.  In addition, a liquid medium would be likely to improve the recovery rate
and reduce detection times.

• Cycloheximide should be incorporated into solid media to suppress fungal growth
but the addition of other antibiotics should be used with caution, as they may also
be inhibitory to MAC and MAP.  However, anti-bacterial antibiotics are essential
for liquid media and commercially available PANTA or PACT may be used

• The manipulation of incubation conditions such as medium pH, temperature and
adding CO2 to the atmosphere might be improve the numbers and rate of recovery
of MAC and MAP.
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3 Materials and methods

3.1 Culture media
The main culture media used in this study were Herrold's Egg Yolk agar with and
without mycobactin J (Figure 3.1), Middlebrook 7H10 agar OADC enrichment and
glycerol (Figure 3.2 and 3.4) and liquid medium Middlebrook 7H9 broth
supplemented with antibiotics mycobactin J and + egg yolk (MB/BacT medium)
(Figure 3.3).

3.1.1 Lowenstein-Jensen (LJ) media with glycerol
Three fresh free-range eggs were washed with soap and water, rinsed with acetone,
broken into a homogeniser and homogenised for about 20 seconds.  The homogenate
was finally filtered through sterile cotton gauze to remove shell fragments.  Free-
range eggs are used as some battery hens are given fluoroquinolone antibiotic feed
supplements, which can appear in the eggs in small quantities and therefore interfere
with the growth of mycobacteria on the final medium.  The egg homogenate (approx.
160ml) was added to 100ml of sterile glycerol mineral salt solution (4g potassium
dihydrogen orthophosphate (KH2PO4), 0.4g magnesium sulphate (MgSO4.7H2O), 1g
magnesium citrate (Mg3(C6H5O7)2.14H2O) and 20ml glycerol, made up to 1litre and
sterilised by autoclaving at 115oC for 10min), 2.5ml malachite green (2%) and
20,000U penicillin.  The mixture was dispensed into appropriate media bottles and
heated to 87oC for 1.5hr to inspissate and sterilise the media.  The media was stored at
37oC until required.

3.1.2 LJ with pyruvate
 The media was prepared as described above but using 100ml of sterile pyruvate
mineral salt solution (4g potassium dihydrogen orthophosphate KH2PO4, 0.4g
magnesium sulphate MgSO4.7H2O, 1g magnesium citrate Mg3 (C6H5O7)2.14H2O, 12g
sodium pyruvate CH3CO.COONa made up to 1ltr and sterilised by autoclaving at
115oC for 10min).  The media was heated to 80oC for 1.5hr for inspissation and
sterilisation and stored at 37oC until required.

3.1.3 Other media
The media used for the MB/BacT automated detection system was the commercial
liquid medium Middlebrook 7H9 broth supplemented with antibiotics mycobactin J
and + egg yolk (MB/BacT medium).  All the ingredients, except the egg yolk
emulsion, for the MB/BacT medium were purchased from Organon Technika, Boxtel,
Netherlands, and included Middlebrook's 7H9 broth for MB/BacT, antibiotic
supplement and reconstitution fluid.  The egg yolk emulsion for supplementing
MB/BacT, the nutrient agar and MacConkey's agar were purchased from Oxoid,
Basingstoke, UK. Cycloheximide was added to give a final concentration of 0.5g/l
and Mycobactin J was used at a concentration of 0.2g/l to the commercial liquid
medium MB/BacT (Mid 7H9 broth + antibiotics + mycobactin + egg yolk).

Blood agar was supplied by CPHL central stores, Colindale, London.  Herrold's Egg
Yolk agar, Herrold's Egg Yolk agar with mycobactin J, Middlebrook 7H10 agar,



17

OADC enrichment and glycerol were purchased from Becton Dickinson, now BD,
Cowley, and UK.  As prolonged incubation is needed for mycobacteria Middlebrook
7H10 was prepared in tissue culture flasks as shown in Figure 3.2.  These have flat
sides enabling the bottles to be viewed with a low power binocular microscope.  This
medium can also be poured in petri dishes as shown in Figure 3.4 but these are more
prone to drying out, although drying can also occur in tissue culture flasks (Figure
3.5). This results from the membrane air vent in the tops of these bottles (Figure 3.6).
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Figure 3.1 Herrold’s egg yolk medium

Figure 3.2 Modified Middlebrook 7H10
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Figure 3.3 MB/BacT bottle (dehydrated and uninoculated)

Figure 3.4 Modified Middlebrook 7H10
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Figure 3.5 Modified Middlebrook 7H10 medium in a tissue culture
flask showing the drying effect on the agar

Figure 3.6  Flasks of modified Middlebrooks medium showing the
air vents
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3.2 Control cultures

The following cultures were used throughout the optimisation trials and as controls in
the testing of drinking water supplies.

Mycobacterium avium
NCTC 8559 - National Collection of Type Cultures, CPHL, London, UK.
'Environmental strain' MAI 1833 and 'clinical strain' MAI SO 72 both kindly supplied
by Mr. M. Yates, Mycobacterium Reference Unit, PHL Dulwich, London, UK.

Mycobacterium avium subsp. paratuberculosis
ATCC 19698 (type strain originally isolated from cow faeces) & 'cow strain' both
kindly provided by Dr. I. Grant, Queen's University, N. Ireland.

3.3 Preparation of mycobacterial suspensions
Positive controls for the spiking experiments were prepared as 10 fold dilution series
following the method described in QC standard methods in Mycobacteriology (Barron
et al, 1990).

3.4 Comparison of media for the detection of MAC
Initial experiments were carried out to determine the suitability of different media and
media containers for the growth and enumeration of M. avium.  For enumeration it
would be necessary to be able to count colonies with the aid of a stereoscopic low
power microscope.  100µl of a suspension containing 102 - 103 cfu inoculated and
spread onto four media; LJ with pyruvate, LJ with glycerol, Middlebrook 7H10
medium with mycobactin J and cycloheximide (Mid-CM) and Herrold’s egg yolk
medium supplemented with mycobactin J (HEYM).  These media were also
inoculated after decontamination of suspensions as described below in section 3.7.

Presumptive colonies were screened for acid fast bacilli typical of Mycobacterium
spp. by microscopic examination of smears prepared from the suspect growth and
stained by the method of Ziehl-Neelsen following the PHLS standard method.

3.5 Comparison of media for the detection of MAP
The growth of MAP was compared on Mid-CM and HEYM.  The response time of
the MB/BacT automated culture system in relation to the inoculum size was also
determined.

3.6 Concentration by Centrifugation
For the method development the microorganisms were concentrated from the water
samples by centrifugation at 4000 x g for 15 minutes.
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3.7 Concentration by Filtration
For the isolation of M. avium sub sp. paratuberculosis from water, the microflora was
concentrated by negative pressure filtration through nylon filters of 0.4 µm pore size.
The filters were either of 142mm or 45mm diameter and held in a sterile stainless
steel filtration apparatus of the appropriate size (Figure 3.7).

Figure 3.7  Apparatus used for filtration of water samples
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3.8 Decontamination trials
Two independent methods were developed one for the recovery of MAC organisms
and the second for the slower growing MAP.  Water from distribution systems are
unlikely to have high mycobacterial populations and if present mycobacteria are
likely to be grossly outnumbered by the other more rapidly growing microbial flora.
Sample processing therefore required several stages:

• decontamination to reduce or eliminate the more rapidly growing
microorganisms

• concentration to obtain mycobacterial numbers high enough for detection
• a washing step which may be required to remove or reduce residual

decontaminant activity
• culture on a medium selective for mycobacteria

Following the literature review, four different decontamination methods were selected
as potentially suitable methods for evaluation to select mycobacteria from
environmental samples. :

1. NaOH / SDS method [Burkhard, 1992, modified], NaOH 1%, SDS 3% for 15
minutes

2. Benzalkonium chloride (BAC) method (Millar et al,1996 modified) BAC 0.1%
overnight

3. Cetylpyridinium chloride (CPC) method (Neumann et al, 1997 modified) CPC at
a variety of concentrations for 30 minutes.

4. CPC/Tween 80 (CPC/Tw) method (Neumann et al, 1997 modified) CPC at a
variety of concentrations with Tween 80, 0.05% for 30 minutes.

These methods were applied to 1litre 'clean', sterile tap water, and 'dirty'
environmental water samples which had been 'spiked' with M. avium or MAP
respectively.

3.8.1 Trials of decontamination methods for the recovery of M avium

The four decontamination methods for M. avium recovery were examined in
conjunction with centrifugation to concentrate the samples.  Four 1litre sterile tap
water samples were spiked with approximately 105 cfu MAI 1833.  From each sample
a 100ml aliquot was removed and decontaminated according to four methods for
decontamination as summarised in Figure 3.8.  After the final wash, the pellet was
resuspended in 10ml PBS.  Three flasks of Mid-CM were inoculated with 0.5ml of the
final suspension from each decontamination method.  In addition three positive
controls were inoculated without pre-treatment to enable the relative recovery to be
determined. Colonies were counted after 7, 14 and 21 days incubation at 37°C This
experiment was repeated once with sterile water.

To compare performance with a water containing naturally occurring background
organisms the above experiment was repeated using water collected from the River
Leen, Nottingham and inoculated with approximately 105 cfu / l M. avium NCTC
8559.
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The decontamination method 4, using CPC with Tween 80, was selected for further
optimisation.  The effects of contact time and CPC concentration were examined
using water collected from the raw water inlet to a water treatment plant abstracting
water from the Rivers Ancholme and Trent  (see Table 3.1) and spiked with M. avium
NCTC 8559 as before.  The water samples were also tested for; pH, turbidity and a
total viable count performed using the pour plate method (BS EN ISO 6222:1999).

The effect of CPC concentration was further examined using a sample of water from
the river Leen and spiked with M. avium NCTC 8559.

Table 3.1 – Combinations of CPC concentrations and contact times
examined for the recovery of MAC.

CPC concentrations Incubation times

0.005% 5 hr 18hr
0.05% 30 min 18hr
0.5% 30 min 18hr
0.75% 30 min 18hr

3.8.2 Trials of decontamination methods for the recovery of MAP

Methods for the isolation and enrichment of MAP were evaluated in a similar manner
to that described for MAC using the four decontamination methods described above.
Due to the prolonged incubation times required for MAP, experiments had to run
concurrently.  500µl of the control suspension or test concentrate was used to
inoculate the tubes of Middlebrook 7H9 broth with antibiotics and mycobactin J and
egg yolk (MB/BacT bottles) for the MB/BacT automated system and 250µl to
inoculate HEYM and Mid-CM, in triplicate for positive controls. For the initial
comparison of media suspensions of MAP were inoculated onto the media directly
and after decontamination using the NaOH/SDS method.

The four methods for decontamination were tested using spiked sterile tap water and
decontaminated according to the flow chart in Figure 3.2.  The resulting suspensions
were used to inoculate HEYM and Mid-CM agar, both in triplicate.  This run was
repeated dividing the samples into four 500ml parts prior to filtration and filtering
each through a new filter.  The four filters for each sample were rubbed separately but
in the same bag with the same phosphate buffered saline.  It was also found that 20 ml
was preferable for eluting the organisms from the membrane but required a further
concentration step.

To compare performance with a naturally contaminated water the above experiment
was repeated using water collected from the River Leen, Nottingham and inoculated
with approximately 105 cfu /l MAP ATCC 19698.  The resultant suspensions were
used to inoculate the following media in triplicate, 250µl on HEYM and 500µl on
Mid-CM agar.  MB/BacT broth was inoculated with 500µl of suspension in duplicate.
The samples were incubated for up to 10 weeks before the negative bottles were
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discarded from the automated system.  Solid media were incubated at 37°C and
checked weekly for growth and results recorded after 10 weeks.

CPC was selected for further development for the recovery of MAP organisms.  CPC
was applied in different concentrations to five 1litre samples of raw water each spiked
with 105 cfu of the 'cow strain' MAP.  Turbidity, pH and total viable count were
measured.

Table 3.2 - Optimising CPC concentrations and contact times for MAP
recovery.

CPC
concentrations

Decontamination
Time

0.005% 5hr
0.05% 30min
0.5% 30min
0.75% 30min

After the appropriate incubation time the samples were concentrated and cultured as
described above.

A further experiment was performed using a narrower range of concentrations
selected to investigate the effects of the decontamination on spiked river water
samples.  In addition 100µl of the concentrates, before and after decontamination
were used to inoculate nutrient agar plates to study the decontaminant effects on the
background microflora.  A 10ltr sample from the River Leen was taken and pH and
total viable count measured.  The sample was divided into 2ltr portions, each of which
was spiked with 105 cfu of ATCC 19698 and CPC was applied at the concentrations
in Table 3.3

Table 3.3 - Further optimisation of CPC concentrations.

CPC
concentrations

Decontamination
Time

0.01% 30min
0.025% 30min
0.05% 30min
0.1% 30min
0.5% 30min

The effect of CPC concentration was evaluated further against different river water to
test the reproducibility.  Six 1ltr samples were spiked with approximately 104 cfu
ATCC 19698 M. avium subsp. paratuberculosis and incubated with the appropriate
concentration of CPC.  Relatively high concentrations of CPC were incorporated to
attempt to eliminate the carryover of background microflora and to check the
concentrations of CPC that the MAP strain could withstand.
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Table 3.4 - Final optimisation of CPC concentrations.

CPC
concentrations

Decontamination
Time

0.005% 30min
0.05% 30min
0.5% 30min
0.75% 30min
1% 30min
5% 30min
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Figure 3.8 Decontamination Methods for the Enrichment of M. avium
Complex from Water Samples.
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Figure 3.9 Comparison of Decontamination Methods for the Selection of
M. avium sub sp. paratuberculosis from Water Samples.
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3.9 Isolation methods used in phase 2

3.9.1 Standard method for the recovery of MAC from water samples

100ml of a natural water sample were taken and both CPC and Tween 80 added to a
final concentration of 0.05%. The samples were thoroughly mixed and left for 30min
at room temperature to allow a suitable contact time and for foam to dispersal.  The
samples were then divided into 4x25ml (screw cap centrifuge tubes) and centrifuged
for 15 min at 4,000g.

The supernatant was discarded and the pellets resuspended and combined by adding
25ml sterile distilled water to one pellet and then transferring the contents sequentially
through the tubes until all four pellets were combined in the 25ml.  The sample was
centrifuged for 15min at 4000g and the supernatant discarded.  Finally 10ml sterile
phosphate buffer solution was added and the sample vortexed to mix.

The resulting suspension was used to inoculate three flasks of Mid-CM with 0.5ml
each, alongside a spiked positive control for each run.  The flasks were incubated at
37oC for 2 weeks.

3.9.2 Standard method for the recovery of MAP from water samples.
1000ml of a natural water sample were taken and CPC added to a final concentration
of 0.75%.  The samples were mixed thoroughly and left for 30min at room
temperature.  The samples were then filtered through a 0.4µm pore size membrane
filter followed by 300ml sterile distilled water to wash the membrane.  The filter was
removed using sterile forceps (142mm diameter filters required rolling and cutting
into three prior to elution) and placed into a plastic stomacher bag.  20 ml of sterile
phosphate buffered saline (PBS) was added to the bag and the filter rubbed with the
PBS.  The suspension was removed using a sterile pipette and concentrated by
centrifugation for 15min at 4000 x g.  The supernatant was discarded and the pellet
resuspended in 10ml sterile PBS.

This suspension was then used to inoculate three HEY and three HEYM with 0.25ml
each alongside two MB/BacT with 0.5ml each.  For each experiment both positive
and negative controls were put up.  The MB/BacT bottles were then sent to Liverpool
for incubation.  The HEY/M flasks were incubated in a 5% CO2 atmosphere for 10
weeks, at 37oC.
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3.10 Sample sites for phase 2
Distribution water samples were kindly provided and collected by the following water
companies, Anglian Water, North West Water, Thames Water and Yorkshire Water. Six
supplies listed in Table 1were selected for study representing a range of types of water
treatments.  Two 1 litre samples were taken approximately once a month from six points
along the distribution system representing the raw source water, post treatment and at
points along the distribution system to the customer tap.  One sample  from each sample
point was used for the recovery of MAC organisms and the other for the recovery of
MAP.  Sampling was done between April and December 2000.

Table 3.5 – Water distribution systems sampled for phase 2

Utility Work
s

Water Source Treatment Process

A 3 Upland impounding
reservoir

microstrained, crossflow membrane
filtration, fluoridation, pH correction
and chlorine disinfection

A 7 Upland impounding
reservoir

ferric sulphate assisted dissolved air
flotation and rapid gravity filtration, pH
correction and chlorine disinfection

A 4 Lowland river Conventional coagulation,
sedimentation and rapid gravity
filtration.  pH correction and chlorine
disinfection

A 5 Upland impounding
reservoir

ozone, slow sand filtration, pH
correction and chlorine disinfection

B 2 Lowland river Conventional filtration and ozone
C 1 Lowland river Bankside storage, rapid gravity

filtration, ozone, superfiltration*,
chloramination

D 6 Ground water at risk of
infiltration

Chlorination no filtration

* Traditional slow sand filter with a layer of activated carbon to remove
organics

3.11 Molecular identification
Positive MB/BacT samples were centrifuged down and sent to the laboratory at
Dulwich for final identification and IS900 analysis for the determination of the
presence of MAP. Three molecular methods were employed during the study for the
identification of mycobacterial species and the confirmation of MAP organisms.  The
Gen-Probe® system was used to identify members of Mycobacterium avium complex,
PCR restriction enzyme digest methodology was used for mycobacterial identification
and an IS900 directed PCR and probe hybridisation for the detection of MAP.
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Samples were usually received as 2-4ml of concentrated liquid cell suspension from
the positive MB/BacT cultures and were handled within a Class 1 safety cabinet under
containment level 3 conditions.  On arrival the samples were streaked onto blood agar
to check for contaminants and rapid growing mycobacteria, and 100µl removed for
Accuprobe testing.

3.11.1 Reagents
All reagents were purchased from Sigma, Poole, Dorset, UK, except as detailed
below:

Sodium Dodecyl Sulfate BDH Merck, Poole, Dorset

Sodium Hydroxide BDH Merck, Poole, Dorset

Phosphate-buffered saline, pH 7.3 Oxoid, Basingstoke, U.K.

Mycobactin J Synbiotics Corporation, San Diego, CA,
USA.

Digoxigenin-11-ddUTP and Dig
luminescent detection kit for nucleic
acids

Roche Molecular Biochemicals, Lewes,
E.Sussex, UK.

skimmed milk powder J Sainsbury plc, London, UK.

Hae III and BstE I, agarose
analytical grade and low melting
point agarose, 25bp ladder and
100bp ladder

Promega, Southampton, UK.

Biotaq dna polymerase, dNTP's and
custom made oligonucleotides for
PCR

Bioline, London, UK.

Accuprobe® Mycobacterium avium
Complex Kit

Biomerieux UK Ltd., Basingstoke, UK.

3.11.2 Sample preparation
For each sample, three 600µl aliquots were transferred to sterile 1.5ml screw top
centrifuge tubes, and heated to 80oC for 20 min in order to kill the cells.  The samples
were then treated to extract the DNA as follows.

To each tube, 50µl of lysozyme (10mgml-1) was added before incubation overnight at
37oC.  The following day 10µl proteinase K (10mgml-1) and 35µl 20% SDS solution
were added to each tube, and the samples incubated for 30min at 55oC.  100µl 5M
NaCl followed by 80µl 10% CTAB/ 0.7M NaCl, were added, the samples were mixed
by vortexing until opaque and incubated at 65oC for 30min.

The tubes were left to cool to room temperature and 700µl chloroform : isoamyl
alcohol (24:1) added.  The samples were centrifuged at 12,000 rpm in a microfuge for
1min.  The aqueous layer was transferred to a sterile 1.5ml centrifuge tube and 500µl
isopropanol added.  The samples were mixed by gentle inversion to precipitate the
DNA (If required the tubes were left on ice for 20min).  The tubes were then
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centrifuged at 12,000rpm for 15min in a microfuge to pellet the DNA and then placed
on ice.  The supernatant was discarded and the DNA pellet washed with 1ml of ice
cold 70% ethanol, the tubes were centrifuged as before for 5min and the supernatant
removed.

Finally, the pellets were centrifuged for 2min at 12,000 rpm to enable the removal of
any remaining drops of ethanol before allowing the pellets to dry in the air.  The DNA
was then rehydrated in 30µl sterile TE buffer and stored at -20oC until required.

3.11.3 Accuprobe®

The Gen-Probe® Accuprobe® Mycobacterium avium Complex culture identification test
is a rapid DNA probe test which uses nucleic acid hybridisation and enables the
identification of Mycobacterium avium complex in cultures.

Nucleic acid hybridisation tests are based on the ability of complementary nucleic acid
strands to specifically align and associate to form stable double-stranded complexes.
The Accuprobe system uses a single-stranded DNA probe with a chemiluminescent
label that is complementary to the ribosomal RNA of the target organism.  After the
ribosomal RNA is released from the organism, the labelled DNA probe combines with
the target organism’s ribosomal RNA to form a stable DNA:RNA hybrid.  The
selection reagent allows for the differentiation of non-hybridised and hybridised probe.
The labelled DNA:RNA hybrids are measured in a Gen-Probe leader luminometer.  A
positive result is a reading equal to or greater than the cut-off.  A value below this cut-
off is a negative result.

Growth in Middlebrook 7H9 with turbidity equivalent to or greater than a McFarland 1
Nephelometer standard may be tested with the Accuprobe Mycobacterium avium
Complex culture identification test.  100µl of the positive MB/BacT cell suspension
was used for analysis for M. avium Complex organisms as per the manufacturers
instructions (see appendix).  Use of this method indicates the presence or absence of
members of the Mycobacterium avium Complex.

3.11.4 Polymerase Chain Reaction Restriction Fragment Analysis
(PRA)

Mycobacteria were identified to the species level by polymerase chain reaction and
restriction enzyme analysis (PRA) using the technique of Telenti, A. et al 1993.  The
technique is used to amplify a 439bp region of the 65kDa heat shock protein common
to all mycobacteria.  Following successful amplification, the PCR product is digested
with restriction enzymes and analysed by polyacrylamide gel electrophoresis.  Each
species of mycobacteria produce a distinctive pattern that can be compared to an
algorithm for identification the method is described in full in appendix.  This method
does not always differentiate between closely related mycobacterial species, for
example M. avium and M. intracellulare produce distinctive patterns but M. avium
subsp. avium, and M. avium subsp. paratuberculosis produce the same pattern.
Members of the M. tuberculosis Complex (M. tuberculosis, M. africanum, M. bovis,
M. microti and M. tuberculosis BCG) are also only partially differentiated using this
method.
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3.11.5 IS900 as a marker for M. avium subsp. paratuberculosis
Mycobacterium avium subsp. paratuberculosis detection was achieved by the
modification of a method previously described by Millar et al 1996.  Primers directed
to the IS900 region specific to MAP were used to amplify a 413bp region followed by
membrane hybridisation of the PCR product and use of PCR generated internal IS900
probe with chemiluminescent detection for the confirmation of the presence of IS900.
The method is described in full in the appendix.
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4 Results

4.1 MAC optimisation experiments

4.1.1 Comparison of culture media
On LJ slopes, at two weeks MAI SO72 showed good growth of small, yellow,
opaque, smooth, confluent colonies, with irregular colony size.  At six weeks the
colonies were a distinct yellow with a rough surface.  MAI 1833 was similar in
appearance to MAI SO72, but with cream coloured colonies, which were slightly
smaller and more uniform.  Good growth was achieved in 2 – 3 weeks.  After
decontamination minimal growth was visible at week one.  At three weeks colony size
had barely reached a size for enumeration and required care in handling to avoid
reinoculation of the agar surface.

On acidic LJ with pyruvate medium, both MAI 1833 and MAI SO72 grew in 10 – 14
days.  Both strains grew yellow, confluent colonies.  On non-acidified LJ media the
colony size was overall slightly larger and the colour of both strains was buff.  Good
growth was achieved in 10 – 14 days.  After decontamination, no visible difference in
colony morphology was observed between growth on acidified LJ medium and non-
acidified LJ medium until week three when colonies on acidic LJ medium were less
uniform in size and colour than those grown on non acidified LJ medium.

The colonies of M. avium on Mid-CM matched the description in Idigoras et al
(1995).  At one week the colonies appeared as uniform, translucent and smooth,
turning white, opaque and rough with a central dome and irregular margins after two
weeks. After passage through the NaOH-SDS decontamination procedure at seven
days distinct translucent colonies were visible.  At days 14 and 21 the colonies were
larger white, opaque and easily visible.  The addition of cycloheximide to the media
had no apparent effect on colony morphology.

On Herrold's egg yolk medium supplemented with mycobactin (HEYM) the colonies
of M. avium had a light yellow colour and smooth appearance at three weeks.  A
Ziehl-Neelsen stain confirmed the presence of acid-fast pleomorphic coccobacilli
approximately 1.5-2 µm x 1 µm in size.

Overall the clinical strain SO72 was more variable in colony size and colour than the
environmental strain MAI 1833. The latter was chosen as appropriate for spiking
experiments as it originated from an environmental source. For further work on
quantification of M. avium Mid-CM media was selected.

4.1.2 Comparison of decontamination methods
The results of applying the four decontamination methods to pure suspensions of MAI
1833 are summarised in Tables 4.1 and 4.2.  The colonies were counted at one week
and again after two weeks.  The delay in counting did not affect colony numbers, but
the larger colony size after 14 days incubation made enumeration easier.
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Table 4.1 First test of recovery of MAC on Mid-CM agar following
different decontamination procedures

Colony count on Mid-MC following decontamination by method -

NaOH/SDS BAC CPC CPC/Tw None
(Control)

Flask 1 * 3 342 564 1472

Flask 2 15 3 120 688 *

Flask 3 9 4 279 (1644)** 824

Mean  ± SD 12  ± 4 3.3 ± 1 247 ± 114 626 ± 88 1148 ± 458

Recovery (%)
±± SD

1.1 %
±± 0.4 %

0.3 %
±± 0.03 %

21.5 %
±± 9.9%

54.5%
±± 7.7%

100%

* Contaminated with moulds after 4 days, no count obtained
** The count on flask 3 for the CPC/Tw method, was considered invalid due to growth being spread
across the media surface by unabsorbed drops of inoculum or condensate and was excluded from
further calculations.

Table 4.2 Second test of recovery of MAC on Mid-CM agar following
different decontamination procedures.

Colony count on Mid-MC following decontamination by method -

NaOH/
SDS

BAC CPC CPC/Tw None
(control )1

None
(control 2)

Flask 1 21 1 169 408 636 564

Flask 2 84 5 154 332 752 500

Flask 3 19 2 175 316 * 1232

Mean ± SD 41 ± 37 2.7 ± 2 166 ± 11 352 ± 49 694 ± 82 765 ± 405

Recovery%
±± SD

5.4 %
±± 4.8 %

0.4 %
±± 0.3 %

23.9 %
±± 1.6 %

50.7 %
±± 7.1 %

100 %

* Contaminated with gram-negative rods.

The results in the two experiments were similar.  The highest recovery (approximately
50%) was obtained for CPC/Tw.  CPC alone gave a recovery of 20-25%.  The higher
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recovery with CPC/Tw may be due to the disruption of microcolonies (or clusters) by
the detergent Tween 80.  NaOH/SDS gave a recovery of about 1% in the first
experiment and 5% in the second (with a high SD).  Decontamination with BAC
resulted (as in seen previously) in a very low recovery of 0.3 – 0.4%.  This would
suggest that a shorter incubation time might be appropriate. Although harsh
decontamination methods can effectively eliminate background contamination they
can also adversely effect the recovery of mycobacteria so that a contamination rate of
about 5 - 10% has been considered acceptable (Salfinger & Kafader, 1992).

The decontamination methods were also applied to environmental water samples to
determine the optimal method for decontamination in the field.  The results are
summarised in Table 4.3.  The water was collected from the river Leen, in
Nottingham. It appeared clear (no odour), slightly yellow/brown, was pH of 6.8 and
had a heterotrophic bacterial colony count of 2.83 x 105 cfu/ml.  The most common
colonies found by inoculation of blood agar and MacConkey agar (37oC), were Gram-
negative rods (3-4 colony types).  The dominant organism was further identified with
BBL Crystal E/NF as Acinetobacter lwoffi.  Plates were checked daily, contaminants
were Gram-stained and recorded.

Table 4.3 Comparison of decontamination methods using spiked natural
river water derived from the River Leen, Nottingham: - Number of MAC
colonies detected on Middlebrook 7H10 agar.

Colony count on Mid-MC following decontamination by method

NaOH/SDS BAC CPC CPC/Tw None (Control)

Flask 1 44* 57 * 2days * 2days 308

Flask 2 23* 79 * 2days * 2days 776

Flask 3 10 86* * 2days * 2days 840

Mean ± SD 26 ± 17.2 74 ± 15.1 / / 641 ± 290

Recovery %
 ±± SD

4.1%
± 2.7%

11.5%
± 2.4%

/ / 100 %

* Overgrown with gram-negative bacterial contaminants after 2 days.

The CPC and CPC Tween decontamination methods applied to sterile water resulted
in approximately 50% recovery rates of spiked M. avium organisms but when these
methods were applied to natural water samples the contamination overgrew the
slower growing M. avium.  However, given the higher recovery rates in sterile
samples these two methods were still considered to be the most useful of the four.
The BAC method gave a recovery of about 10% and the NaOH/SDS method a
recovery of less than 5% of the spike.
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Recovery with both the NaOH/SDS and the BAC method was considered too low and
so studies of these methods were discontinued.  Further work was concentrated on
optimising the CPC method by varying the concentrations and incubations times.
The Tween 80 concentration was maintained at 0.05% for all samples and the CPC
applied in four different concentrations and two incubation times.  These experiments
were applied to water samples taken from the raw water inlet to Elsham waterworks,
which was pH 6.5, slightly green/brown in colour with no odour and had a
heterotrophic bacterial colony count of 1.3 x 105 cfu/ml. The main colony types,
found by inoculation of blood agar and MacConkey agar, were Gram negative
bacteria.  After decontamination the media were examined weekly for growth.  The
results are summarised in Table 4.4.  Incubation with CPC overnight resulted in a
recovery rate below 1%.  Recovery rates overall were low, the highest obtained with a
concentration of 0.05% and an incubation of 30 minutes.  The degree of
contamination seen at this concentration was considered acceptable falling between 5
and 10% and contained as discrete colonies.

4.2 MAP optimisation experiments

4.2.1 Comparisons of culture media

Growth of MAP was compared on Mid-CM and HEYM.  No visible growth of MAP
was observed on Mid-CM at ten weeks.  Smears were taken weekly from the agar
surface and Ziehl-Neelsen stained, and confirmed the absence of MAP growth.

MAP colonies were visible on HEYM media at six weeks; the colonies were
punctiform glossy and translucent with very little colour and non-uniform in size.  A
smear was taken from the HEYM at 3 weeks. The colonies were easy to disperse and
did not clump.  A Ziehl-Neelsen stain showed acid-fast, slightly curved rods 3-4 µm x
1 µm.  About two thirds of the cells were pleomorphic and beaded/banded.  There was
a distinctive difference between MAP and the coccobacilli forms found for MAC on
HEYM when Ziehl-Neelsen stained.

4.2.2 Response time of MB/BacT culture system
In view of the prolonged incubation required to detect MAP cultures on solid media
the automated liquid culture system MB/BacT was also tested in the hope of
improving detection times.  A range of concentrations of M. paratuberculosis ATCC
19698 was inoculated into MB/BacT bottles.  It has been reported that the generation
of false positives can occasionally be observed. This is thought to be caused by the
degradation of egg yolk in the media after eight weeks (Organon Technika, personal
communication), accordingly two negative controls were included to provide an
estimation of the time limit for the detection system before false positives became a
problem. with a higher contamination rate
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Table 4.4 Effect of CPC concentration and exposure on the recovery of MAC from spiked river water.

Colony count on Mid-MC following decontamination by method

Controls
CPC 0.00

5%
5h

CPC 0.05%
30 min

CPC 0.5%
30 min

CPC 0.75%
30 min

CPC
0.005%

overnight

CPC 0.05%
overnight

CPC 0.5%,
overnight

CPC
0.75%,

overnight

Flask 1
contaminated

with
coryneforms

* 32 25 0 0* 3* 0 1

Flask 2 252 4* 94* 20 2 0 3* 1 0

Flask 3 159 18 * 30 * 26 0 0 0 1* 0

Mean  ±
SD

205.5 ± 66.5 11 ± 9.9 52 ± 36.4 23.7 ± 3.2 0.7 ± 1.2 0 2 ± 1.7 0.7 ± 0.6 0.3   ± 0.6

Recovery %
±± SD

100%
5.41%%
±±  2.7 %

25.3%
±±  2.4%

11.5% ±±
2.4%

0.3%
±±  0.6%

0
1.0%
±±0.8%

0.3%
±±0.3 %

0.1%

* Contaminated - contamination included colonies that were dark red with colourless interiors, slimy, folded, walled with a central dome
and had irregular margins.  Under a low-power microscope, the colony shape was similar to that of nocardioforms.  Gram stain and
microscopy showed long thin slender gram variable rods with sharp ends, of uniform size.
NB These colonies were the dominant contaminant (2-4 colonies/plate = 3 x 104 cfu/l) on the Middlebrook-CM environmental water
controls.
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Table 4.5 Inoculum-dependant growth curve for MAP in MB/BacT

Concentration
(cfu per 10 ml)

Sample Result Days of incubation
required for detection

1 AFB + 25.71000 2 AFB + 31.7
1 AFB + 27.7500 2 AFB + 26.8
1 AFB + 29.7200 2 AFB + 29.8
1 AFB + 31.8100 2 AFB + 32.2
1 AFB + 31.050 2 AFB + 30.8
1 AFB + 41.020 2 AFB + 34.8
1 AFB + 35.510 2 AFB + 35.8
1 AFB + 35.35 2 AFB + 37.0
1 AFB + 37.24 2 AFB + 36.0
1 AFB + 37.32 2 AFB + 35.2
1 -ve0  = controls 2 -ve

Some differences were observed between the duplicates but in general the incubation
time required to generate a positive response increased with a decrease in inoculum size.
The results are shown in Table 4.5 and Figure 4.1.
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Figure 4.1 Inoculum-dependant Growth Curve for MAP in MB/BacT

4.2.3 Comparison of decontamination methods

Decontamination with NaOH/SDS was tested initially using sterile water spiked with
MAP ATCC 19698.  .  The solid media HEYM and Mid-CM were examined for growth
every week.  Growth was visible on the HEYM controls between 8 - 10 weeks and
confirmed as acid fast bacilli (AFB) with a Ziehl-Neelsen stain.  No growth was observed
following NaOH /SDS decontamination and no growth was apparent on the Mid-CM
including the positive controls, scrapes taken from the agar surface and Ziehl-Neelsen
stained were negative.

Technical difficulties were noted with transfer of the filters from the filtration unit to the
plastic bag, for elution of the concentrate off the membrane.  It was found necessary to
use about 20 - 30 ml of PBS to get adequate wetting of and elution off the membranes.
An extra centrifugation step was introduced to finally concentrate the sample to 10ml.

The four decontamination methods were tested on the recovery of MAP 'cow strain'
suspended in sterile water.  The results are summarised in Table 4.6
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Table 4.6  First comparison of decontamination methods using sterile water
inoculated with MAP ATCC 19698 and inoculation onto HEYM and Mid-CM

Medium Number of tubes out of 3 yielding MAP following decontamination by

NaOH 1% +
SDS 3% BAC 0.1% CPC 0.005% CPC 0.005% +

Tw80  0.05% Controls

HEYM 0 2 2 1 2

Mid-CM 0 0 0 0 0

The culture media was checked for growth on a weekly basis.  Only two of the three controls
showed growth of AFB+ colonies.  This type of erratic response is commonly observed with
MAP.  Colonies were found on HEYM after about 8 - 10 weeks.  These were confirmed as
AFB positive using a Ziehl-Neelsen stain.  When compared visually against the controls, the
BAC and CPC methods achieve a similar growth of MAP as the controls.  CPC + Tw80
showed reduction in the growth, whilst no growth was detected at all after NaOH/SDS
treatment.  No colonies were observed on Mid-CM 10 and no growth could be detected by
microscopic examination of smears prepared from the agar surface and stained by the Ziehl-
Neelsen method.

The 142 mm diameter membranes used for filtering were awkward to manipulate.  It was
felt that this lead to inefficient elution of the mycobacteria from the membrane surface.
Experiments were repeated using smaller 45mm diameter membranes.  Water samples
were divided into four and each portion filtered separately.  The eluates from the
individual membranes were combined subsequently to produce the final combined
concentrate (this method is used in the sampling of Legionella from water samples and is
generally found to achieve a 40% recovery rate).  The experiment was repeated with
sterile water inoculated with M. paratuberculosis ATCC 19698.  The results are shown in
Table 4.7.

Table 4.7 Second comparison of decontamination methods using sterile
water inoculated with MAP ATCC 19698 and inoculation onto HEYM and
Mid-CM

Medium Number of tubes out of 3 yielding MAP following
decontamination by

NaOH 1%
+ SDS 3% BAC 0.1% CPC

0.005%
CPC 0.005% +
Tw80  0.05% Controls

HEYM 1 0* 0 1 3

Mid-CM 0 0 0 0 0

* 1 tube contaminated with moulds after 6 weeks
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Of the four decontamination methods no single method resulted in a high level of
recovery of MAP, all of the controls achieved a good growth rate on HEYM and, again
no growth was seen on Mid-CM.  A small amount of growth was observed from samples
decontaminated using the NaOH/SDS method and the CPC/Tween 80 method.

Samples of natural water from the River Leen were then spiked with Mycobacterium
paratuberculosis ATCC 19698 and the experiment repeated.  The river water was clear,
odourless, slightly yellow/brown, with pH 6.8 and had an aerobic heterotrophic bacterial
colony count of 2.83 x 105 cfu/ml. The predominant background organisms were Gram-
negative rods (3-4 colony types).  For this experiment, in addition to HEYM and Mid-
CM, the commercial liquid medium MB/BacT (Mid 7H9 broth + antibiotics +
mycobactin + egg yolk) was inoculated and sent for culture at Liverpool Public Health
Laboratory.  The results are summarised in Table 4.8.

Table 4.8  Comparison of decontamination methods using River Leen water
inoculated with MAP ATCC 19698 and inoculation onto HEYM and Mid-CM
and MB/BacT

Medium Growth response following decontamination by

NaOH 1% +
SDS 3%

BAC 0.1% CPC 0.005% CPC 0.005% +
Tw 0.05%

Controls

HEYM 1 No growth No growth Contaminated
after 1 day
with gram-
rods

Contaminated
after 1 day
with gram-
rods

AFB Positive

HEYM 2 MAC positive,

colonies white,
smooth,
glossy, size
variable

Contaminated
after 3 weeks
with moulds

Contaminated
after 1 day
with gram-
rods

Contaminated
after 1 day
with gram-
rods

AFB Positive

HEYM 3 MAC positive,

colonies
yellow,
smooth,
glossy, size
variable

Contaminated
after 3 weeks
with moulds

Contaminated
after 1 day
with gram-
rods

Contaminated
after 1 day
with gram-
rods

AFB Positive

Mid-CM 1 No growth No growth Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

No growth
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Medium Growth response following decontamination by

NaOH 1% +
SDS 3%

BAC 0.1% CPC 0.005% CPC 0.005% +
Tw 0.05%

Controls

Mid-CM 2 No growth No growth Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

No growth

Mid-CM 3 No growth No growth Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

Contaminated
after 5 days
with slimy
colonies,
some
fluorescent

No growth

MB/BacT 1 AFB Positive
after 53.7 days

Not
mycobacteria

AFB +ve
after 8 days
not
mycobacteria

Contaminated
after 8 days
with gram+
cocci and
gram- rods

(Egg Yolk
added)    AFB
+ve   after 8
days MAP
confirmed

MB/BacT 2 AFB Positive
after 65.7 days
not
mycobacteria

AFB Positive
after 29.5 days

AFB Positive
after 22 days

M. avium

Contaminated
after 8 days
with gram+
cocci and
gram- rods

(no Egg Yolk
added)     AFB
+ve. MAP
confirmed

The agars were examined for growth every week.  Colonies were found on HEYM from
4 weeks. They were confirmed as acid fast bacilli (small coccoid non-clustered rods) with
the Ziehl-Neelsen stain and as MAC positive by the Accuprobe ®.  These were
presumably relatively fast growing environmental mycobacteria originating from the
river water.  There was no growth observed on Mid-CM.  AFB positive results in the
MB/BacT occurred in 5 -14 days.  A Ziehl-Neelsen stain was performed to confirm AFB
in the medium and any mycobacteria identified using molecular techniques.

From the results of the decontamination trials the most frequent recovery of spiked MAP
samples was achieved using CPC alone as the decontaminant of choice, followed by the
BAC method.  CPC combined with Tween80 was subject to a high level of carry over
contamination, and NaOH/SDS method would appear to be too harsh a method as no
growth of MAP was observed.  Of the four decontamination methods, Cetyl Pyridinium
Chloride (CPC) was chosen for further optimisation, using the MAP 'cow strain to spike
natural river water samples collected from the raw water inlet to Elsham Water Works.
The water was pH 6.5, slightly green/brownish, odourless and had an aerobic
heterotrophic bacterial colony count of 1.3 x 105 cfu/ml. The predominant bacteria were
Gram-negative.  The results are summarised in Table 4.9.
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Table 4.9 Comparison of different CPC treatments for the detection of MAP
in spiked river water samples from a water works intake

Media Growth response following decontamination by

CPC 0.005%

5h

CPC 0.05%

30 min

CPC 0.5%

30 min

CPC 0.75%

30 min
Controls

HEYM 1

AFB positive
colonies big,
yellow-white,

“daisy-like” with
central hole

AFB+ AFB+

HEYM 2

AFB positive
colonies big,
yellow-white,
“daisy-like” with
central hole

Overgrown AFB+ Overgrown

HEYM 3
Contaminated
after 10 days

with gram+ cocci
AFB + AFB Overgrown

Mid-CM 1 No growth No growth No growth No growth No growth

Mid-CM 2 No growth No growth No growth No growth No growth

Mid-CM 3 No growth No growth No growth No growth No growth

MB/BacT
AFB Positive
after 53 days

MAP confirmed

AFB Positive
after 52 days

MAP
confirmed MAP

confirmed

AFB Positive
after 55 days

MAP
confirmed

AFB Positive
after 41 days

A positive signal was observed after 5-6 weeks in the automated MB/BacT liquid system.
AFB positive, daisy-like colonies were found growing on HEYM after two weeks. A
Ziehl-Neelsen stain showed long, slightly beaded/banded acid-fast rods. Both cultures
were tested for growth on HEY (no mycobactin) and grew within 5 days, confirming that
this bacterium was not M. paratuberculosis.  The cultures grew rapidly on blood agar and
did not confirm as MAC using the Accuprobe® test.

Some false positives were noted in the MB/BacT system, staining of smears from these
samples yielded no organisms.  It was thought that false positives may be generated by
the degradation of egg yolk in the medium (Organon Technika, personal
communication). Due to the unsuccessful culturing of either MAP strain on
Middlebrook's media it was decided at this point to discontinue its use for the enrichment
of environmental samples.
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Five CPC concentrations ranging between 0.005% and 0.5% were selected to optimise
the recovery of MAC.  The experiment was also designed to investigate the effects of the
decontamination on the natural microflora of the samples.  Samples from the river Leen
were spiked with M. paratuberculosis ATCC 19698.  The aerobic heterotrophic bacterial
colony count of the water was 1.4 x 103 cfu/ml and the pH was 6.2.  The results are
shown in Table 4.10.

Table 4.10 Comparison of different CPC treatments for the detection of MAP in
spiked water from the River Leen, Nottingham

Medium Growth response following decontamination by CPC at

0.01% 0.025% 0.05% 0.1% 0.5%

HEYM 1 YYY YYY YY Y,  W

HEYM 2
contaminated

with gram-
rods after 6d

W YY YY Y

MB/BacT 1 AFB Positive
after 13 days

AFB Positive
after 11 days

MB/BacT 2

Y  - Growth of smooth, yellow, shiny, domed colonies after 2 weeks.
W - Growth of big, buff, confluent, shiny colonies occurred after 2 weeks.

The number of Y’s or W’s indicates the semi-quantitative estimation of growth with:
 1 = few colonies, 2 = moderate growth and 3 = large numbers but still discrete colonies

Two dominant colony types appeared from this decontamination trial.  Both were rapidly
growing acid fast bacilli.  Subcultures onto Herrold's egg yolk medium both cultures
grew within one week.  This coupled to the absence of mycobactin in the media indicated
that they were unlikely to be M. paratuberculosis organisms.

All the nutrient agar plates, including the controls inoculated after decontamination (to
examine the effects upon the background microflora), were overgrown after 24h by
whitish, smooth, confluent colonies. These were mainly of 3 different types (as judged by
appearance and odour). Smears were performed and Gram stained.  All showed short
evenly dispersed gram-negative rods.  To check that this bacterial growth was not due to
contaminated reagents, all the reagents were checked for contamination by subculture
onto nutrient agar and incubated at 37°C for 48 hours.  None yielded any growth.

In earlier tests the M. paratuberculosis spike was recovered from river water that was
decontaminated with a relatively broad range of CPC concentrations (in MB/BacT).  A
further trail was performed using water from the River Trent and CPC concentrations
between 0.005% and 5% in order to see if MAP could be recovered at higher CPC
concentrations and to examine if higher concentrations (1% and 5%) of CPC would improve
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the suppression of the background microflora.  The water was spiked with M.
paratuberculosis ATCC 19698.  The water was green-yellow and turbid, pH 6.3 with a
distinctive smell of fuel or turpentine and a heterotrophic bacterial colony count of 3.2 x 103

cfu/ml.  Mycobacteria were not detected in any samples and all tubes became overgrown
with contaminants before the 10 weeks incubation was completed.  The effect of CPC
concentration on the contaminating background organisms is summarised in Table 4.11.  The
counts of background organisms were similar after treatment with all concentrations of CPC.

Table 4.11 Growth of background flora (numbers of colonies) after
decontamination

Media
Numbers

CPC
0.005%

CPC
0.05%

CPC  0.5% CPC
0.75%

CPC     1% CPC     5% Controls

Nutrient
Agar 1

20 15 swarmers swarmers swarmers swarmers 25

Nutrient
Agar 2

18 18 swarmers swarmers swarmers 10 33

Mean 19 16.5 / / / 10 29
cfu/ml 1900 1650 / / / 1000 2900

Swamers were spreading bacterial colonies covering the agar surface
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4.3 Phase 2 Analysis of drinking water

4.3.1 Mycobacteria isolated

During the course of this study we cultured some 28 raw water samples, 84 final waters
and 58 samples from distribution. Mycobacteria were cultured from 19 (11.2%) of these
samples (Table 4.14). The overall detection rate was highest in raw waters, similar in
water from distribution and lowest in final waters.

A total of 19 Mycobacterium species were isolated from the 170 water samples (11%)
tested. Of these 3 belonged to the Mycobacterium avium complex (2 M. avium isolates, 1
M. intracellulare isolate) and no M. avium paratuberculosis isolates were detected (Table
4.14).  MAC represented 16% of all mycobacteria isolated.
Six species of Mycobacteria were isolated during this study: M. avium, M. szulgai, M.
chelonae, M. fortuitum, M. intracellulare, and M. gordonae. Of these M. chelonae, M.
fortuitum are both rapid growers, M. gordonae is a scotochromogen, notably its common
name is the tap water scotochromogen. M. szulgai is a slow growing environmental
organism.  M. avium and M. intracellulare are of interest as the members of MAC. MAC
were isolated on only three occasions (Table 4.12), once from raw water (M.
intracellulare) and two waters in distribution (M. avium). It is notable that both M. avium
isolates and all 7 M. fortuitum isolates were from the same water distribution system.

MAP was not isolated from any sample.

Table 4.12 Isolates of Mycobacterium spp. recovered from water samples.

PRA Raw
(n=28)

Distribution
(n=58)

Final
(n=84)

Total
(n=170)

M. avium 2 2
M. chelonae 2 1 3
M. fortuitum 7 7
M. gordonae 1 2 3
M. intracellulare 1 1
M. szulgai 1 1
Unidentified 1 1 2
Total 5 (17.9%) 10 (17.2%) 4 (4.8%) 19 (11.2%)

Four water utilities participated in this study and the overall isolation rates are shown in
Table 4.16.  There was a statistically significant difference in isolation rates between the
water utilities, with one utility submitting water samples of which 31% were positive
(Chi² = 22.95, 3 df P < 0.0001). This difference was due almost entirely to the isolation
of M. fortuitum from distribution samples at one water utility. We were unable to culture
mycobacteria from any of the distribution samples from three of the four participating
utilities.
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As there were only three samples positive for Mac it was not possible to draw any firm
conclusions about the variation in isolation rates between water sources or distribution
systems.

4.3.2 Distribution of mycobacteria in water samples

The distribution of Mycobacterium isolates in all water samples is shown in Table 4.13
and 4.15). All MAC isolates originated from water from a single water utility (Table
4.14). MAC was isolated from 3/170 (1.8%) all water samples tested and 3/42 (7.1%) of
samples from Thames Water. Mycobacterium spp. were isolated more frequently from
raw (5/28; 17.9%) and distribution (10/58; 17.2%) water than from final waters (4/84;
4.8%). MAC was present in and 2/12 (16.7%) of samples of water in distribution and 1/6
(16.7%) of raw waters tested from Water Utility C but was not isolated from final waters.

Table 4.13 Mycobacterium spp. and MAC isolated from specific water
treatment works

Treatment works MAC Not MAC or MAP Mycobacterium
not isolated

Total

Works 1 3 (7%) 10 (31%) 29 42
Works 2 0 2 (10%) 18 20
Works 3 0 2 (6.7%) 28 30
Works 4 0 1 (3.8%) 25 26
Works 5 0 0 4 4
Works 6 0 0 18 18
Works 7 0 1 (3.3%) 29 30
Total 3 16 (11.2%) 151 170

Table 4.14 Mycobacterium spp. and MAC isolated from water treatment
works 1 in water utility C

WATER MAC Mycobacterium
Not MAC or MAP

Mycobacterium
not isolated

Total

Raw 1 (16.7%) 1 (33.3%) 4 6
Distribution 2 (16.7%) 8 (83.3%) 2 12
Final 0 1 (4.2%) 23 24
Total 3 (7.1%) 10 (31%) 29 42
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 Table 4.15 Distribution of Mycobacterium spp. and MAC from different
points in water distribution from different Water Companies

Water Utility A Mycobacterium
isolated (MAC*)

Mycobacterium
Not MAC or MAP

All Mycobacteria Total

Raw 0 2 (13.3,%) 2 (13.3,%) 15
Distribution 0 0 (0,%) 0 (0,%) 30
Final 0 2 (4.4,%) 2 (4.4,%) 45
Total 0 4 (4.4,%) 4 (4.4,%) 90

Water Utility B Mycobacterium
isolated (MAC*)

Mycobacterium
Not MAC or MAP

All Mycobacteria Total

Raw 0 1 (25,%) 1 (25,%) 4
Distribution 0 0 (0,%) 0 (0,%) 4
Final 0 1 (8.3,%) 1 (8.3,%) 12
Total 0 2 (10,%) 2 (10,%) 20

Water Utility C Mycobacterium
isolated (MAC*)

Mycobacterium
Not MAC or MAP

All Mycobacteria Total

Raw 1 (16.7,%) 1 (16.7,%) 2 (33.3,%) 6
Distribution 2 (16.7,%) 8 (66.7,%) 10 (83.3,%) 12
Final 0 (0,%) 1 (4.2,%) 1 (4.2,%) 24
Total 3 (7.1,%) 10 (23.8,%) 13 (31,%) 42

Water Utility D Mycobacterium
isolated (MAC*)

Mycobacterium
Not MAC or MAP

All Mycobacteria Total

Raw 0 0 0 3
Distribution 0 0 0 12
Final 0 0 0 3
Total 0 0 0 18

Total Mycobacterium
isolated (MAC*)

Mycobacterium
Not MAC or MAP

All Mycobacteria Total

Raw 1 (3.6,%) 4 (14.3,%) 5 (17.9,%) 28
Distribution 2 (3.4,%) 8 (13.8,%) 10 (17.2,%) 58
Final 0 (0,%) 4 (4.8,%) 4 (4.8,%) 84
Total 3 (1.8,%) 16 (9.4,%) 19 (11.2,%) 170

* Mycobacterium avium complex
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4.3.3 Comparison of isolation methods

All the Mycobacterium spp. isolated grew in the liquid MB/BacT medium but not on the
solid Herrold’s medium (with or without mycobactin) or Middlebrook 7H10 medium
(Table 4.16). As a result no quantitative results were available. All solid media were
inoculated in triplicate and the MB/BacT in duplicate. The MB/BacT culture represents
detection of Mycobacterium spp. in 100 ml. The Herrold’s medium with mycobactin and
Herrold’s medium without mycobactin, each represented detection in 75ml and the
Middlebrook medium in 15ml of the original water sample. Because the different media
support the growth of MAC, MAP and other Mycobacterium spp. differently it was
calculated that negative cultures represented Mycobacterium spp. not detected in 265ml,
MAC not detected in 115ml and MAP not detected in 175ml.

Table 4.16 Comparison of culture media

Water samples Mycobacterium Mycobacterium not isolated Total
MB/BacT 19 151 170
Herrold’s with mycobactin 0 170 170
Herrold’s without mycobactin 0 170 170
Middlebrook 7H10 0 170 170
Total 19 151 170

Quality control cultures were performed with each batch of tests and the Middlebrook
solid medium supported the growth of both strains of M. avium, while Herrold’s medium
with mycobactin supported the growth of both strains of M. avium paratuberculosis
(Table 4.19). MB/BacT liquid medium supported the growth of MAP (ATCC 19698) but
not the sheep strain of MAP. ATCC 19698 is the type strain for MAP.
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Table 4.17 Comparison of culture media with control cultures

Controls ATCC
19698
Control

(M.para)

NCTC 1833
Control

(M.avium)

NCTC 8559
Control

(M.avium)

Sheep
Strain

Control
(M.para)

Total

Middlebrook (Mid-CM)

Mycobacterium 0 25 24 0 49
Mycobacterium not isolated 28 3 4 28 63
Total 28 28 28 28 112
% positive 0 89.3 85.7 0 43.8

MB/BacT

Mycobacterium 13 0 0 0 13
Mycobacterium not isolated 15 0 0 28 43
Not applicable 0 28 28 0 56
Total 28 28 28 28 112
% positive 46.4 0 0 0 11.6

Herrold’s with mycobactin J
(HEYM)
Mycobacterium 22 0 0 20 42
Mycobacterium not isolated 6 28 28 8 70
Total 28 28 28 28 112
% positive 78.6 0 0 71.4 37.5

Herrold’s w/o mycobactin J
(HEY)
Mycobacterium not isolated 28 28 28 28 112
Total 28 28 28 28 112
% positive 0 0 0 0 0

The relative success of isolating control cultures using the range of culture media ranged
from 71% to 89%, being lowest for the sheep strain of MAP that is known to be slow
growing and highest for M. avium (Table 4.18).

Table 4.18 Comparison of culture media with control cultures

SITE Mycobacterium
isolated

Mycobacterium not
isolated

Total % positive

ATCC 19698 Control (M.para) 23 5 28 82.1
NCTC 1833 Control (M.avium) 25 3 28 89.3
NCTC 8559 Control (M.avium) 24 4 28 85.7
Sheep Strain Control (M.para) 20 8 28 71.4
Total 92 20 112 82.1
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4.3.4 Identification methods
Identification of the Mycobacterium spp. cultured from water samples used three separate
approaches. The PRA results gave good species identification for most species. It was
more sensitive than the Accuprobe method for detecting MAC. Only one of 10 M. avium
cultures was positive with the Accuprobe (10%) (Table 4.19 and 4.20). The IS900
method gave 5 positive results (including one weak positive result) from the 10 M. avium
strains tested and all of these were the control strain of MAP ATCC 19698 (Table 4.21).

Table 4.19 Mycobacterium results from different sites

Treatment works Water source Lpool no. /  MRU noAccuprobe * PRA result IS900 result.
Works 1 Distribution               /8518 Neg. M.avium 3 x neg
Works 1 Distribution L251238/8519 Neg M.avium 3 x neg
Works 1 Distribution L251239/8520 Neg M.avium 3 x neg
Works 2 Raw L251317/8521 Neg M.szulgai 3 x neg
Works 4 Raw L251413/8522 Neg M.chelonae II 3 x neg
Works 1 Distribution L251626/8523 Neg M.fortuitum 3 x neg
ATCC 19698 Control L251252/8524 Neg M.avium 3 x wk pos
Works 1 Distribution               /8525 Neg No amplification 3 x neg
Works 1 Distribution L251638/8526 Neg M.fortuitum 3 x neg
Works 2 Final L252093/8527 Neg M.chelonae I 3 x neg
Works 1 Distribution L252006/8528 Neg M.fortuitum 3 x neg
Works 1 Distribution L251997/8529 Neg M.fortuitum 3 x neg
Works 1 Distribution L252005/8530 Neg M.fortuitum 3 x neg
Works 1 Raw L252007/8531 Neg M.intracellulare 3 x neg
Works 3 Raw L252069/8532 Neg M.chelonae 3 x neg
Works 1 Raw L252008/8533 Neg M.intracellulare 3 x neg
Works 1 L2541998/8534 Neg M.fortuitum 3 x neg
ATCC 19698 Control L251662/8535 Neg M.avium 3 x pos
ATCC 19698 Control L251640/8536 Neg M.avium 3 x pos
Works 1 Distribution L252148/8537 Neg M.fortuitum 3 x neg
ATCC 19698 Control L252161/8538 Neg M.avium 3 x pos
Works 1 Distribution L252147/8539 Neg M.fortuitum 3 x neg
Works 1 Raw L252155/8540 Neg M.gordonae 3 x neg
Works 1 Final L252154/8541 Neg M.gordonae 3 x neg
ATCC 19698 Control L252011/8542 Pos M.avium 3 x pos
ATCC 19698 Control L252196/8543 Neg wk amp/M.avium 3 x neg
ATCC 19698 Control L252078/8544 Neg wk amp/M.avium 3 x neg
Works 1 Distribution L252556/8545 Neg M.fortuitum 3 x neg
Works 1 Distribution L252149/8546 Neg wk amp/mixed 3 x neg
Works 1 Distribution L252783/8547 Neg M.fortuitum 3 x neg
Works 3 Final L253077/8548 Neg wk amp 3 x neg
Works 7 Final L253045/8549 Neg M.gordonae 3 x neg
Works 7 Final L253046/8550 Neg M.gordonae 3 x neg
ATCC 19698 Control L252729/8551 Neg no amp 3 x neg
ATCC 19698 Control L252701/8552 Neg no amp 3 x neg
ATCC 19698 Control L252643/8553 Neg no amp 3 x neg
ATCC 19698 Control L252785/8554 Neg no amp 3 x neg

Organisms isolated from the drinking water distribution system. M.avium, M.szulgai, M.chelonae, M.fortuitum, M.intracellulare, M.gordonae. Of
these M.chelonae, M.fortuitum are both rapid growers, M.gordonae is a scotochromogen (notably its common name is the tap water
scotochromogen). M.szulgai is a slow growing environmental organism.  M.avium and M.intracellulare are of interest as the members of MAC.
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Table 4.20 Comparison of the Accuprobe test on MB/BacT cultures for
Mycobacterium identification

PRA result Accuprobe
Negative

Accuprobe
positive

Total

M.avium 3 0 3
M. avium (MAP) † 6 1 7
M.chelonae 1 0 1
M.chelonae I 1 0 1
M.chelonae II 1 0 1
M.fortuitum 10 0 10
M.gordonae 4 0 4
M.intracellulare 2 0 2
M.szulgai 1 0 1
No amplification 5 0 5
wk amp 1 0 1
wk amp/mixed 1 0 1
Total 36 1 37

Table 4.21 Comparison of the IS900 test on MB/BacT cultures for
Mycobacterium identification

PRA result* IS900
Negative

IS900
Positive

IS900
Weak Positive

Total

M.avium 3 0 0 3
M. avium (MAP) † 2 4 1 7
M.chelonae 1 0 0 1
M.chelonae I 1 0 0 1
M.chelonae II 1 0 0 1
M.fortuitum 10 0 0 10
M.gordonae 4 0 0 4
M.intracellulare 2 0 0 2
M.szulgai 1 0 0 1
No amplification 5 0 0 5
wk amp 1 0 0 1
wk amp/mixed 1 0 0 1
Total 32 4 1 37

* Testing done in triplicate
† MAP can not be separated from other MAC using PRA alone



54

4.3.5 Culture delay

Analysis of the delay between sample collection and culture indicates that the isolation
rate was higher in samples that were kept for more than 7 days before culture (Table
4.22). This rather surprising result was found to be irrespective of Water Utility (Table
4.23), the type of water (Table 4.24) and the season (Table 4.25). This suggests that the
delay in culture plays a significant role in isolating Mycobacterium spp. from water.
However, as most of the delay in analysis were associated with a single water utility it is
not clear what the relative importance of water utility and analysis delay played in this
finding.

Table 4.22 Comparison of MB/BacT Isolation of Mycobacteria from Water
Samples by Culture Delay Time

Days sampling delay Mycobacterium Mycobacterium not isolated Total %
0 days 18 18 0
1-7 days 4 85 89 4.5
>7 days 15 48 63 23.8
Total 19 151 170 11.2

Table 4.23 Comparison of MB/BacT isolation of Mycobacteria from water
samples from different water companies by culture delay time

Days sampling delay Water Utility
A

Water
Utility B

Water Utility
C

Water
Utility D

Total

0-7 days 3/78 (4%) 0/10 (0%) 1/7 (14%) 0/12 (0%) 4/107 (4%)
>7 days 1/12 (8%) 2/10 (20%) 12/35 (34%) 0/6 (0%) 15/63 (24%)
Total 4/90 (4%) 2/20 (10%) 13/42 (31%) 0/18 (0%) 19/170 (11%)

Table 4.24 Comparison of MB/BacT isolation of Mycobacteria from main
water types by culture delay time

Days sampling delay Raw water Distribution
water

Final Water Total

0 days 0/3 (0%) 0/8 (0%) 0/7 (0%) 0/18 (0%)
1-7 days 1/15 (6.7%) 1/30 (3.3%) 2/44 (4.5%) 4/89 (4.5%)
>7 days 4/10 (40%) 9/20 (45%) 2/33 (6.1%) 15/63 (23.8%)
Total 5/28 (17.9%) 10/58 (17.2%) 4/84 (4.8%) 19/170 (11.2%)
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Table 4.25 Comparison of MB/BacT isolation of Mycobacteria from water
samples over time by culture delay time

Days sampling delay Apr-May Jun/Jul Aug/Sep Oct-Nov Dec
0 days 0/6 (0%) 0/0 (0%) 0/0 (0%) 0/12 (0%) 0/0 (0%)
1-7 days 0/23 (0%) 1/23 (4.3%) 0/6 (0%) 1/19 (5.3%) 2/18 (11.1%)
>7 days 3/12 (25%) 2/13 (15.4%) 9/31 (29%) 1/7 (14.3%) 0/0 (0%)
Total 3/41 (7.3%) 3/36 (8.3%) 9/37 (24.3%) 2/38 (5.3%) 2/18 (11.1%)

4.3.6 Contamination

The rates of contamination of cultures decreased over the period of the study (Figure 4.2).
There was a significant contamination problem at the start of the study due to a
comtaminated batch of egg yolk. Contamination was more of a problem with MB/BacT
and Middlebrook media than with either of the Herrold’s media (Table 4.26). The
MB/BacT bottles were more contaminated at the start of the study, but there was
increased contamination in October (Figure 4.3).

Figure 4.2 Comparison of overall rates of contamination over the period of
the study
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Figure 4.3 Comparison of rates of contamination of MB- BacT bottles over
the period of the study

Table 4.26 Comparison of the contamination rate of Mycobacterium
cultures by the type of growth medium

Bottles tested Bottles contaminated %
MB/BacT 340 101 29.7
Herrold’s with 510 33 6.5
Herrold’s without 510 30 5.9
Middlebrook 510 115 22.5
Total 1870 279 14.9
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4.3.7  Seasonal changes
In order to determine whether there were any seasonal trends, we allocated samples to
one of three, three-month periods (April to June, July to September and October to
December). The summary results for these three-month periods are shown in table 4.27.
There was no statistically significant variation in the isolation rate by date.

Table 4.27 Seasonal changes in the isolation rate for all Mycobacteria

Month MAC Not MAC or MAP All Mycobacteria Total
April 0 (0%) 0 (0%) 0 (0%) 12
May 2 (6.9%) 1 (3.4%) 3 (10.3%) 29
June 0 (0%) 3 (15.8%) 3 (15.8%) 19
July 0 (0%) 0 (0%) 0 (0%) 17
August 1 (5.6%) 4 (22.2%) 5 (27.8%) 18
September 0 (0%) 4 (21.1%) 4 (21.1%) 19
October 0 (0%) 1 (7.7%) 1 (7.7%) 13
November 0 (0%) 1 (4%) 1 (4%) 25
December 0 (0%) 2 (11.1%) 2 (11.1%) 18

Apr-Jun 2 (3.3%) 4 (6.7%) 6 (10%) 60
Jul-Sep 1 (1.9%) 8 (14.8%) 9 (16.7%) 54
Oct-Dec 0 (0%) 4 (7.1%) 4 (7.1%) 56

Grand Total 3 (1.8%) 16 (9.4%) 19 (11.2%) 170

4.3.8 Water sources
The contamination of water with both MAC and other Mycobacterium spp. was
associated with the source of the water and the method of water treatment used. In raw
waters Mycobacterium spp. were much more common in lowland river water and upland
impounding reservoir water than in groundwater (Table 4.28). Treated water samples had
lower rates of contamination than raw water samples (Table 4.29). As with the raw
samples contamination with MAC and other Mycobacterium spp. was greater in lowland
river water and upland impounding reservoir water than in groundwater (Table 4.28).
Because the number of samples positive for MAC was low, no statistically significant
difference between sources and treatments was demonstrated. Even with the other
Mycobacterium spp. that were more frequently isolated there is still insufficient data for
statistically significant comparisons, although there were more isolated from water
derived from lowland rivers than other sources (Table 4.28).
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Table 4.28 Isolation of Mycobacterium spp. from raw water samples by the
source of the water

Water source Samples
examined

MAC isolated Other
Mycobacteria

isolated

All
Mycobacteria

isolated
Groundwater at risk 3 0 0 0
Lowland river abstraction 15 1 (6.7%) 3 (20%) 4 (26.6%)
Upland impounding reservoir(s) 10 0 1 (10%) 1 (10%)
Total 28 1 (3.6%) 4 (14.3%) 5 (17.9%)

Table 4.29 Isolation of Mycobacterium spp. from treated water samples by
the source of the water

Water source Samples
examined

MAC isolated Other
Mycobacteria

isolated

All
Mycobacteria

isolated
Groundwater at risk 15 0 0 0
Lowland river abstraction 73 2 (2.7%) 10 (13.7%) 12 (16.4%)
Upland impounding reservoir(s) 54 0 2 (3.7%) 2 (3.7%)
Total 142 2 (1.4%) 12 (8.5%) 14 (9.9%)

Water, subjected to bankside storage in reservoirs followed by rapid gravity filters, ozone
dosing, superfilters (traditional slow sand filters with a layer of granular activated carbon
incorporated into the media for the removal of organics) and disinfection by
chloramination, was more frequently contaminated (Table 4.31). Those using other
treatment regimens were less frequently contaminated even though the contamination of
source waters was at similar levels (Table 4.30). The method of water treatment is related
to the quality of the source water, with river water requiring more treatment than
groundwater. When raw and treated river water were compared, contamination with
Mycobacterium spp. was higher in the source with bankside storage in reservoirs
followed by rapid gravity filters, ozone dosing, superfilters and disinfection by
chloramination (Table 4.32 and 4.33). Comparison of the single site (with chloramination
as the residual disinfectant ) with the other sites that used a chlorine residual, showed that
treated water samples were more frequently contaminated from the chloraminated
samples than from the chlorinated ones (Table 4.34). Although the difference was also
reflected in higher rates of contamination of the source waters supplying the treatment
works (Table 4.35).
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Table 4.30 Isolation of Mycobacterium spp. from raw water samples by the
method of water treatment

Type of treatment Samples
examined

MAC isolated Other
Mycobacteria

isolated

All
Mycobacteria

isolated
ozone and conventional filtration 4 0 1 (25%) 1 (25%)

rapid gravity filters; ozone dose;
superfilters, chloramination

6 1 (16.7%) 1 (16.7%) 2 (33.3%)

Chlorinated, no filtration 3 0 0 0

Conventional metal salt assisted
coagulation, sedimentation and
rapid gravity filtration.  pH
correction and chlorine
disinfection

5 0 1 (20%) 1 (20%)

ferric sulphate assisted dissolved
air flotation and rapid gravity
filtration, pH correction and
chlorine disinfection

5 0 0 0

Microstrained, crossflow
membrane filtration, fluoridation,
pH correction and chlorine
disinfection

5 0 1 (20%) 1 (20%)

Total 28 1 (3.6%) 4 (14.3%) 5 (17.9%)
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Table 4.31 Isolation of Mycobacterium spp. from treated water samples by
the method of water treatment

Type of treatment Samples
examined

MAC isolated Other
Mycobacteria

isolated

All
Mycobacteria

isolated
ozone and conventional filtration 16 0 1 (6.3%) 1 (6.3%)

rapid gravity filters; ozone dose;
superfilters, chloramination

36 2 (5.6%) 9 (25%) 11 (30.6%)

Chlorinated, no filtration 15 0 0 0

Conventional metal salt assisted
coagulation, sedimentation and
rapid gravity filtration.  pH
correction and chlorine
disinfection

21 0 0 0

ozone, slow sand filtration, pH
correction and chlorine
disinfection

4 0 0 0

ferric sulphate assisted dissolved
air flotation and rapid gravity
filtration, pH correction and
chlorine disinfection

25 0 1 (4%) 1 (4%)

microstrained, crossflow
membrane filtration, fluoridation,
pH correction and chlorine
disinfection

25 0 1 (4%) 1 (4%)

Grand Total 142 2 (1.4%) 12 (8.5%) 14 (9.9%)
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Table 4.32 Isolation of Mycobacterium spp. from raw water samples from
lowland river sources by the method of water treatment

Type of treatment Total MAC Other
Mycobacteria

isolated

All
mycobacteria

ozone and conventional filtration 4 0 1 (25%) 1 (25%)

rapid gravity filters; ozone dose;
superfilters, chloramination

6 1 (16.7%) 1 (16.7%) 2 (33.3%)

Conventional metal salt assisted
coagulation, sedimentation and
rapid gravity filtration.  pH
correction and chlorine
disinfection

5 0 1 (20%) 1 (20%)

Grand Total 15 1 (6.7%) 3 (20%) 4 (26.7%)

Table 4.33 Isolation of Mycobacterium spp. from treated water samples
from lowland river sources by the method of water treatment

Type of treatment Total MAC Other
Mycobacteria

isolated

All
mycobacteria

ozone and conventional filtration 16 0 1 (6.3%) 1 (6.3%)

rapid gravity filters; ozone dose;
superfilters, chloramination

36 2 (5.6%) 9 (30.6%) 11 (30.6%)

Conventional metal salt assisted
coagulation, sedimentation and
rapid gravity filtration.  pH
correction and chlorine
disinfection

21 0 0 0

Grand Total 73 2 (2.7%) 10 13.7%) 12 (16.4%)
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Table 4.34 Isolation of Mycobacterium spp. from treated water samples with
different residual disinfectants

Type of residual disinfectant Total MAC Other
Mycobacteria

isolated

All
mycobacteria

Chloramination 36 2 (5.6%) 9 (25%) 11 (30.6%)
Chlorination 106 0 (0%) 3 (2.8%) 3 (2.8%)
Grand Total 142 2 (1.4%) 12 (8.5%) 14 (9.9%)

Table 4.35 Isolation of Mycobacterium spp. from raw water supplying sites
that use different residual disinfectants

Type of residual disinfectant Total MAC Other
Mycobacteria

isolated

All
mycobacteria

Chloramination 6 1 (16.7%) 1 (16.7%) 2 (33.3%)
Chlorination 22 0 (0%) 3 (13.6%) 3 (13.6%)
Grand Total 28 1 (3.6%) 4 (14.3%) 5 (17.9%)



63

5 Discussion.
This study is the first to investigate the presence of M. avium subsp. paratuberculosis
bacteria in potable water supplies in the UK. Although, there have been previous studies
of the presence of M. avium in UK potable waters, they have not been as extensive as this
study. We were unable to detect M. avium subsp. paratuberculosis in a single potable
water sample. However, we were able to detect other strains of MAC. M. avium was
isolated twice from samples in distribution and M. intracellulare once from a raw water
sample, and then only in liquid rather than solid culture.

There are three main areas for discussion. The first concerns the incidence of
mycobacteria found in our study and how it relates to that found in previous studies.  The
second point concerns the validity and strengths and weaknesses of the microbiological
methods used in this study. The final point relates to the public health significance of our
results.

5.1 Detection of  MAP and MAC
In this study MAC were isolated on three occasions (1.76%) out of 170 samples. MAC
were not isolated in any of the finished waters. M. avium was isolated in two of 58
(3.45%) samples in distributions and M. intracellulare just once in 28 (3.57%) raw water
samples.

The more frequent isolation in this study of both Mycobacterium spp. and MAC in waters
derived from rivers (and lakes for Mycobacterium spp.) confirm that these organisms are
common in rivers and may contaminate river-derived drinking water. The demonstration
of particular water treatment regimen (bankside storage in reservoirs followed by rapid
gravity filters, ozone dosing, superfilters and disinfection by chloramination) with a
higher contamination rate, may reflect a sampling artefact or an environment in which
Mycobacterium spp. can grow and possibly replicate. However it is clear from comparing
raw waters with treated ones that contamination is less common in treated drinking water,
suggesting that treatment is removing, inactivating or killing Mycobacterium spp. that are
present in source waters. It is also clear that the effectiveness of the treatment is not
complete. Although untreated and treated groundwater samples were free from detectable
levels of Mycobacterium spp. the relatively small number of samples examined makes it
difficult to draw extensive implications from this.

5.1.1 Isolation of MAP

MAP is commonly present in the faeces of cattle and sheep, is unlikely to grow in the
environment to a significant extent and is relatively resistant to environmental factors.
We could therefore hypothesise that MAP will be present in source waters that are likely
to be contaminated with the faeces of domestic animals. Our results support this only in
as much as the detection rate for Mycobacterium spp. was higher in river sources than in
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groundwater sources. The MAP positive controls grew satisfactorily in HEYM media and
failure to grow MAP strains from water samples may be a result of:

1. Inadequate volume of water tested (175ml tested for MAP)
2. Too few samples were examined
3. Too strong a decontamination
4. Inadequate concentration of the MAP present in the sample
5. Field isolates and stock cultures may grow differently on the media
6. Field isolates in water may take longer to recover than stock cultures
7. No MAP being present in the water
8. Viable but non-culturable MAP being present

There have been numerous studies investigating the prevalence of mycobacteria in
treated water samples. As far as we are aware no one has yet demonstrated the prevalence
MAP in treated water, though as yet few have attempted this. Fishcheder et al (1991) did
not isolate MAP from any of 72 homes. We believe that we would have isolated MAP if
sufficient numbers had been present in the water samples tested. Evidence from Phase 1
of the study suggests that the decontamination with CPC, while causing some inhibition
of MAP growth, was unlikely to prevent the growth of MAP organisms present in water.

5.1.2 Isolation of MAC

Many studies have reported on the isolation of other species of mycobacteria. Indeed,
several groups have successfully isolated M. avium from treated water. Du Moulin et al
(1988) cultured water from hot and cold taps on two temporary vacant floors in a
hospital. M. avium was cultured from 11 of 16 hot and 3 of 18 cold water samples.
Counts in hot water samples were as high as 500 cfu/100 ml. The hot water taps had an
average temperature of 55oC.  In their study of isolation rates in several countries, Von
Reyn et al (1993) reported isolating M. avium in one of six (17%) mains water samples
from New Hampshire, two of eight (25%) from Boston, five of 11 (45%) from Finland,
one of five (20%) from Zaire and zero of four (0%) from Kenya. Overall they isolated M.
avium from nine of 34 (26.5%) of samples. Peters et al (1995) cultured hot and cold tap
from two hospitals and four homes in Berlin. Of 118 samples, 42.4% grew Mycobacteria
spp., though over half, 33 of the 64 isolates were M. gordonae. M. avium was isolated
only twice (1.7%) and then only from hospital samples. None of the 34 samples from
homes were positive for MAC. Yajko et al (1995) isolated M. avium from just one
(0.19%) sample taken from the homes of 290 patients with HIV infection in San
Francisco. MAC were not isolated in water samples in a study from the Czech Republic
(Kubalek & Mysak 1996). Aronson et al (1999) isolated MAC from 12 (22%) of water
samples from 55 homes in Los Angeles. This same group was also able to isolate MAC
from 14 of 15 (93%) of hospitals examined.

Our finding that M. avium is present in only 3.45% of samples in distribution, is very
much in line with the previous studies discussed above and falls close to the median
result. In general it would appear that MAC are more easily isolated from hospital
samples than from water samples from domestic residences.
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Eight water distribution systems in the US were sampled over an 18-month period to
measure the frequency of recovery and number of mycobacteria, particularly
Mycobacterium avium and Mycobacterium intracellulare, in raw source waters before
and after treatment and within the distribution system (Falkingham et al, 2001). The
systems were chosen to assess the influence of source water, treatment, and assimilable
organic carbon levels on mycobacterial numbers. The recovery of mycobacteria from
water systems was low (15% of samples). The number of M. avium in raw waters was
correlated with turbidity. Water treatment substantially was found to reduce the number
of mycobacteria by 2 to 4 log units and the mycobacterial counts were higher in the
distribution system samples than in samples collected downstream from the water
treatment facilities. This suggested that the mycobacteria grow within the distribution
system, particularly in biofilms. The increase in mycobacterial numbers was correlated
with assimilable organic carbon and biodegradable organic carbon levels.

The reason(s) why the prevalence of MAC in the different studies varies so much from 0
to 45% is not clear. However, it is notable that many of the studies discussed above used
relatively small numbers of samples and so one would expect a substantial degree of
variation. Another reason could be the cultural methods used. This raises the question of
whether the results others, and we have found are a true reflection of the prevalence of
MAC in water supplies. Clearly, the results of any survey such as this is critically
dependent on the method used.

A study of environmental and patient isolates of M. avium showed that they were
resistant to chlorine, monochloramine, chlorine dioxide, and ozone (Taylor et al, 2000).
For chlorine, the product of the disinfectant concentration (in parts per million) and the
time (in minutes) to 99.9% inactivation for five M. avium strains ranged from 51 to 204.
More slowly growing strains were more resistant to chlorine than were more rapidly
growing strains and water-grown cells were 10 times more resistant than medium-grown
cells. It was suggested that disinfectant resistance may be one factor promoting the
persistence of M. avium in drinking water.

In general most studies that have investigated the prevalence of MAC in potable water
supplies have found a very low proportion of samples to be positive. One particular issue
may be that the methods used are not sensitive enough to detect all strains present in the
water sample. The cultural methods available use a fairly harsh decontamination
procedure followed by culture on selective media. This procedure will affect the survival
of Mycobacteria in the water sample. It may be that environmentally stressed bacteria
present in water supplies are more sensitive to this decontamination step than are
laboratory cultured strains.

5.1.3 Selection of decontamination and culture media

The media and decontamination procedures were initially selected on the basis of a
review of methods that had been used previously.  The initial trials indicated that MAC
grew relatively well on Mid-CM so this was chosen in preference over LJ, as it would
have been difficult to enumerate colonies on the opaque egg based medium.  HEYM is
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the medium of choice for isolation of MAP but others have found MAP to grow
satisfactorily on Mid-CM.  In our trials with artificially inoculated samples we never
recorded any growth on Mid-CM after decontamination and so it was discarded for the
isolation of MAP.  The liquid medium MB/BacT for the automated system supported the
growth of both MAP and MAC.

The most reliable recovery of MAC was achieved with CPC and CPC with Tween 80 in
the phase 1 trials.  MAC appears to be less resistant to CPC than MAP and a
concentration of 0.05% was finally selected for use in phase 2.  This was close to the
concentration of 0.04% that has been used successfully by others.  With MAP that is
apparently more resistant than MAC to CPC it is important to maximise the inhibition of
the background flora as the incubation time of 10 weeks produces a greater risk of
overgrowth by contaminants.  Following the preliminary trials exposure to CPC at 0.75%
for 30 minutes was chosen as the selection procedure.

Treatment with NaOH/SDS and BAC were discard as being too harsh as recovery from
the spiked sterile water was low.  However the BAC which gave a recovery of less than
1% with pure cultures gave a recovery of about 10% with MAC in the presence of natural
background organism from river water.  BAC was used with overnight incubation so it is
possible that a higher recovery would be achieved with a shorter exposure time.
Unfortunately there was not time to investigate this.

Cycloheximide was chosen for incorporation in the Middlebrook medium to suppress the
growth of fungal contaminants.  This antibiotic is highly toxic and its future supply is
uncertain.  Recently natamycin an antifungal used in cheese manufacture and of low
toxicity to humans has been tested and proven to be a suitable alternative to
cycloheximide in a number of microbiological media for the isolation of a variety of
organisms from environmental and clinical specimens.  It would have been worth testing
natamycin for the isolation of MAC and MAP.

We did not incorporate other antibiotics in the solid media to suppress the background
flora as we had insufficient time to test them against MAC and MAP.  In view of the
continued carry over of background flora despite selective pre-treatments it would be
worthwhile to investigate the incorporation of other antibiotics into Mid-CM with a view
to suppressing other contaminating bacteria.  The liquid MB/BacT media used in the
study did contain an antibiotic cocktail and this perhaps helps to explain, in part, why the
detection of mycobacteria was best in this medium.  It is also possible that the liquid
medium provides a gentler resuscitation for the mycobacteria that may have been injured
by the selective procedures.

5.1.4 Improved isolation of Mycobacterium spp. with delayed culture

The finding that there was an improved isolation of Mycobacterium spp. from samples
that were delayed for more than 7 days from the collection date was surprising. Delay in
analysis was due to a mixture of delay in transporting the sample to the laboratory and
also delays in analysis in the laboratory due to technical problems. Delay in analysis
could lead to increased recovery for a number of reasons:
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1. A period of recovery allowing stressed organisms to become more resistant to
the decontamination procedure.

2. Growth of the Mycobacteria in the water to detectable levels.
3. Decline in the population of key contaminating organisms allowing better

differential recovery of Mycobacteria.

However, as most of the delayed samples came from a single water utility which
was also the utility with the highest proportion of positive samples it is not clear whether
this relationship is causal or merely confounding. The exact reason for the improved
recovery with delayed culture is unclear and requires additional investigation. If delay in
analysis is associated with increased recovery, this could prove a powerful tool for
enhanced recovery in future studies.

5.1.5   Failure to grow Mycobacterium spp. on any of the solid media

The failure to grow Mycobacterium spp. on any of the solid media is unclear. This could
be due to a number of reasons. Mycobacteria were present in such small numbers in the
waters that they were not present in the inocula used for the solid media. The fact that
Mycobacteria in general and MAC in particular were isolated from only a small
proportion of samples would support this hypothesis. If the target bacteria are present in
such a small proportion of samples, then it is reasonable to assume that even when
present, they are present in only small numbers. The environmental strains present in
water samples are stressed or the decontamination process used, though adequate for
laboratory grown strains was too severe for environmental strains. Growth in a liquid
culture is likely to enhance the ability of stressed and otherwise injured organisms to
grow. It is likely that our lack of success in isolating mycobacteria on solid media was a
combination of the above factors.

5.1.6 Growth of MAC and other Mycobacterium spp. in MB/BacT media
Although the MB/BacT system was used primarily to maximise the chance of recovering
MAP, MAC and other mycobacteria can grow in the medium as well.  Egg yolk was
incorporated as this is supposed to increase the recovery of MAP but in our experiments
the control cultures grew in both media with and without egg yolk.  The liquid medium
was the only method to yield mycobacteria from the samples.  The MB/BacT medium
contained an antibiotic cocktail and this perhaps helps to explain, in part, why the
detection of mycobacteria was best in this medium.  It is also possible that the liquid
medium provides a gentler resuscitation for the mycobacteria that may have been injured
by the selective procedures.
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5.2 Public Health Significance of MAP
Crohn’s disease is a serious and debilitating condition which affects the small and large
intestine of affected people, causing them to become thickened, swollen, inflamed,
ulcerated, occasionally with fistula formation, perforation and obstruction. There is
occasionally more remote pathology, in particular arthritis and anaemia. Symptoms
include reduced appetite, tiredness, abdominal pain and bloody diarrhoea. The disease
tends to pursue a variable course, with alternating periods of illness and remission.
Dietary factors and stress can increase the risk of relapse. Crohn’s disease can reduce
childhood growth rate by reducing nutritional intake. Crohn’s disease can be difficult to
differentiate from other Inflammatory Bowel Diseases such as Ulcerative Colitis. Many
therapies have been tried to induce or maintain remissions but there is currently no cure.
Treatment includes anti-inflammatory drugs to reduce the inflammation, drugs to treat the
symptoms, surgery to address structural problems with inflamed intestines and antibiotics
to reduce infections associated with the disease. Many patients end up with a colostomy
or ileostomy. It is likely that there are several causes of Crohn’s disease. Crohn’s disease
has a rough prevalence of 1/1000 population.

Johne’s disease is a chronic inflammatory intestinal infection of cattle, sheep and other
domestic animals caused by Mycobacterium avium subsp. paratuberculosis (MAP). MAP
infection has also been found in a number of wild animals including wild ruminants and
deer. Calves are though to be infected with MAP in the first few months of life through
contamination of the milk by organisms excreted in large numbers in the faeces of some
adult animals. The incubation period is thought to be long. Symptoms usually appear in
animals 2-6 years old but can range from 4 months to 15 years. Stress, dietary restriction
or transportation may precede development of the first symptoms. The pathology of
intestinal lesion in JD has similarities and differences to bowel lesion in Crohn’s disease.
The distribution of Johne’s Disease is worldwide and the disease is endemic in herds
throughout Europe.

The similarity of the two diseases makes a common causative agent an attractive
possibility. However, MAP may play a role in only a proportion of CD patients.
Molecular typing indicates at least 28 separate strains of MAP. Strain typing has been
used to trace the spread of the disease from one population to another. People within the
human population are likely to be being exposed constantly to MAP through food and
possibly also from water. MAP may survive drinking water treatment and may survive
pasteurisation of milk.

The cause of Crohn’s disease is still unclear but is probably due to a combination of:

1. genetic predisposition
2. abnormal triggering of the immune response
3. diet
4. microbial flora in the gut
5. other environmental factors
6. possibly exposure to MAP
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Whilst some researchers appear convinced of the causal relationship between M. avium
subsp. paratuberculosis and Crohn’s disease (Hermon-Taylor et al 2000), the evidence is
frequently equivocal and contradictory with many studies finding no apparent association
(Clarkston et al 1998; Van Kruiningen 1999; Kanazawa et al 1999). However,
irrespective of the merits of the evidence in favour of a causal link between the two, our
lack of success in isolating MAP from potable water provides some assurance that
drinking water in the UK is not commonly contaminated with this organism. It does not
prove whether MAP can be transmitted by drinking water or whether it a significant
factor in causing Crohn’s disease.

Nematode worms may become contaminated with MAP. A reference strain of MAP was
added to faecal larval cultures of Haemonchus contortus, Ostertagia circumcincta and
Trichostrongylus colubriformis. Samples of the larvae produced were positive for MAP
(Lloyd et al, 2001). In another study MAP was recovered from trichostrongylid nematode
larvae were hatched from ova in the faecal samples of sheep with Johne's disease. There
was a relationship between the recovery of MAP from larvae and the severity of the
histological lesions in affected sheep and the number organisms in intestinal tissues and
faeces. It was suggested that the nematode parasites of sheep might be able to act as
mechanical vectors for MAP in sheep (Whittington et al, 2001).

5.3 Public Health Significance of MAC
The relationship between MAC infection and potable water supplies is

considerably stronger. As has already been stated, MAC infections are well described in
humans, especially in those with immunosuppressive conditions such as AIDS (Benator
& Gordin 1996; Opravil 1997; O'Brien 2000). Furthermore, we have demonstrated the
isolation of MAC from potable water supplies in the UK. However, the presence of a
pathogen in water does not necessarily confirm that potable water is a source of infection.
Such proof of causality must rest on epidemiological investigations as discussed below.

Strong circumstantial evidence of a link between MAC in potable water and
disease in humans comes from the results of studies that have types strains isolated from
humans and from associated water supplies. For example, von Reyn et al (1994)
characterised multiple isolates of M. avium from 36 patients with HIV infection by pulse
field gel electrophoresis. Of the 36 patients, 29 (81%) were infected with one or more
strain of M. avium. Of 25 patients from whom more than one isolate were available, 5
(20%) carried more than one distinct strain. M. avium was also isolated from 10 (30%) of
33 water samples in one study and from hot water samples at the two main hospitals.
Four strain groups were identified. Group 1 strains were isolated from three patients at
hospital A with symptomatic disseminated M. avium infection. Group 1 strains were also
isolated from two water samples from hospital A, but not from their homes. There were
two patients with group 2 strains and both had been treated at hospital B. Group 2 strains
were isolated from hospital B on three separate occasions. In a similar study Aronson et
al (1999), used large-restriction-fragment (LRF) pattern analyses of clinical and
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environmental strains of MAC. They also found strong similarity between clinical
isolates and strains isolated from hospital water supplies.

Despite the importance of MAC infection in humans, there have been relatively
few epidemiological studies into potential risk factors for this infection. One such study
was done by Horsburgh et al (1994). They undertook a case-control study of M. avium
infections in 83 patients with HIV disease and 177 HIV positive, but M. avium negative
controls. Amongst other possible risk factors the authors asked about drinking home tap
water, filtered water, bottled water and untreated water. They also enquired about
swimming, daily showering, baths, visits to the beach, use of hot tubs, spars or whirlpools
and recent plumbing repairs. In the final multivariate model, having a positive M. avium
blood culture was positively associated with having a low CD4+ count (OR 3.58, CI 1.71-
7.49) and eating hard cheese (OR 5.63, CI 1.58-20.1) and negatively associated with
daily showering (OR 0.58, CI 0.28-0.88). Risk factors for having M. avium in sputum
included consumption of raw shellfish (OR 7.28, CI 1.63-32.6) and intravenous drug use
(OR 3.72, CI 1.32-10.5). Daily showering (OR 0.27, CI 0.09-0.79) and having a cat (OR
0.27, CI 0.09-0.85) were negatively associated with the risk of sputum carriage. None of
the other water risk factors were associated with risk in either univariate or multivariate
models. This study did not suggest that potable water was a risk factor for MAC.

5.4 Use of MAC as a surrogate for MAP
It is worth considering whether the contamination of mains drinking water with MAC can
be used as a surrogate for MAP contamination. There are difficulties in this approach
because MAC can grow in water distribution systems under the right environmental
conditions, whereas MAP probably cannot. Although there are few supporting data for
this assertion it is likely nutritional requirements for MAP and slow growth, restrict its
growth to the tissues of the intestinal tracts of agricultural and wild animals. The
contamination of waters with any Mycobacterium spp. is again unlikely to correlate with
MAP contamination, although comparison of the presence of Mycobacterium spp. at
different points of the water treatment and distribution chain may be a useful approach to
identifying areas where the greatest contamination is likely to occur. In this respect the
higher isolation rates of Mycobacterium spp. and MAC in river derived waters may
indicate the most likely sites where MAP might be present.

Nevertheless, if water supplies were able to transmit MAC infection frequently in the
UK, this may be deemed to be evidence of MAP risk by analogy. Given the general lack
of epidemiological evidence of MAC infection through water supplies (other than those
in hospital environments), this seems to us to provide additional assurance that MAP
infections are unlikely to be transmitted by drinking water.
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6 Conclusions
The project was designed to assess the concentration and distribution of MAC and MAP
in water sources and their fate in water treatment and distribution systems. The work was
carried out in two phases. A review identified appropriate treatment and culture regimens
for the isolation and identification of MAP and MAC in water. A method was adopted for
MAC and MAP isolation. Two sites where water was abstracted for drinking water
treatment and were used to carry out a trial period of monitoring of the raw water to
confirm that the concentration of MAC bacteria were likely to be adequate for the
purposes of this study. A total of six sites where water was abstracted for drinking water
treatment were chosen for the second phase of the study. The sites represented a range of
water quality characteristics and treatment capabilities, including groundwater, upland
impounding reservoirs and lowland river sources. There was also a range of water
treatments. The study examined changes in the seasonal rates of contamination in both
raw water and treated water. Samples from the distribution systems and from consumers'
premises were examined in order to establish whether there was any change during
distribution of the concentrations of MAC and to investigate whether there was any
difference in systems using chloramine as opposed to free chlorine as the residual
disinfect in distribution. The effectiveness of the selected treatment processes in
removing and/or inactivating MAC bacteria was examined, as was the variation in MAC
across the distribution system.

We were able to isolate MAC bacteria, though only by enrichment culture and on
only three occasions. All three positive samples were from the same water supply. The
detection of viable MAC from drinking water in the UK provides some evidence that
mains drinking water may be a potential route of infection. However, the fact that we
were only able to detect this organism in a very few samples does not indicate whether
this represents a high or low risk. It confirms previous work indicating MAC can be
recovered from drinking water, and suggests that low level contamination could be quite
common in some supplies. Furthermore, the epidemiological evidence of an association
between MAC infection and water supplies is conflicting. In part, this conflict in the
evidence relates to the role of hospitals. Studies have shown that detection rates of MAC
in potable water is much greater in hospitals than in domestic dwellings (Aronson et al
1999) and the epidemiological studies described above have only shown a risk associated
with MAC in hospital potable waters. Indeed, the study by Horsburgh et al (1994) found
no association with water consumption in the home environment. There is limited
evidence of the level of inoculum required to initiate infection in-patients with
compromised immunity. Because the majority of MAC infections are in these people it is
likely that the major risk is to this population and reduction in risk is likely to be most
easily achieved through advising such people to drink boiled water.

We did not isolate MAP from any of the drinking water samples examined. Given
the associated lack of any epidemiological evidence of association between Crohn’s
disease and drinking water source, we conclude that there is currently no substantial
evidence in favour of viable MAP being present in water. Furthermore, the evidence of a
lack of any association between MAC and potable water outside of the hospital
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environment provides additional evidence that potable water systems are unlikely to be a
risk factor for MAP. Therefore, the hypothesis that Crohn’s disease is associated with
MAP infection acquired through the consumption of mains drinking water remains
unproven, and in our view is probably false.

Nevertheless the results of this study and literature review suggest that there are
several areas of research that are required. In view of the prolonged incubation times
required to detect MAC and particularly MAP this project was relatively short.  Despite
the range of methods that various workers have used to select for these mycobacteria and
suppress the background organisms there have been no adequate studies to compare and
validate the selective procedures and isolation media.  Such studies are needed to ensure
that any future environmental investigations are reliable. There is a need to investigate
the prevalence of MAC in hospital water supplies in the UK. There is also a need to
undertake epidemiological investigations of cases of MAC infection to determine the
association with water consumption and contact behaviour. Finally there remains the
need to undertake proper epidemiological studies to more adequately investigate the
potential links between MAP and Crohn’s disease.
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7 Further work

We believe that the association between MAP and Crohn’s disease is still unproven but
remains plausible. It is likely that the association will remain a source of debate for some
years to come, and that there will be ongoing public concern that MAP from food and/or
water may be causing the disease.

In view of the need to maintain the confidence of the public in mains drinking water
supplies we believe that two important lines of research need to be pursued.

1. There is a need for dramatic improvements in the isolation and detection methods for
demonstrating MAP in water, food and environmental samples. This should
concentrate on improvements in the decontamination methods, development of
improved media that will support MAP, improved immunomagnetic separation
techniques and the development of improved antibiotic cocktails that can be used in
both solid and liquid media. The development of liquid media for isolation of MAC
from environmental samples will require the development of novel detection and
molecular identification methods (e.g. chip arrays) for detecting MAC within
mixtures of other more rapidly growing Mycobacterium spp. The future detection of
MAC in drinking water depends on the development of validated methods. This will
ensure that the results of any future studies of MAP in water will be viewed with
confidence.

2. There is a need for a better understanding of the epidemiology of Crohn’s disease.
We feel that this would be best addressed by the development of an epidemiological
approach to the analysis of this disease through a national surveillance program.

We think that the transmission of Mycobacterium avium through water remains a
possibility. The people at most risk are HIV positive people in the latter stages of their
disease, although other immunocompromised people are at risk. There is evidence that
MAC can occur in both source waters and water in distribution. Further work on the
occurrence and distribution of this organism in domestic water systems and other
buildings would provide important information on risks to the population.
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9 Appendix - Methods for Molecular diagnostics

Polymerase Chain Reaction and restriction enzyme fragment digest (PRA) for the
identification of Mycobacteria.

The method was first described in the paper Rapid identification of Mycobacteria to the
species level by polymerase chain reaction and restriction enzyme analysis, Telenti et al
1993. And has been modified slightly for use on polyacrylamide gels which achieve a
higher resolution of the final digested products.  Samples were prepared as described
previously in 3.10.1 and 1µl of the extracted DNA used in the PCR amplification.  An
initial amplification step is used to obtain a 439bp fragment from the 65-kDa protein with
primers common to all mycobacteria.

Tb11 5’ ACC AAC GAT GGT GTG TCC AT 3’
Tb12 5’ CTT GTC GAA CCG CAT ACC CT 3’

Reaction components for 50µl reaction
taq (5Uµl-1) 0.25µl
Buffer 5µl
dNTP’s (10mM) 1µl
Tb11 (10µM) 2.5µl
Tb12 (10µM) 2.5µl
MgCl2 (50mM) 1.5µl
Glycerol (50%) 10µl
H2O 26.25µl
Extracted sample DNA 1µl

The reaction mixes were briefly centrifuged and placed into Perkin-Elmer 2400 thermal
cycler programmed as follows:
94oC 5min initial denaturation
93oC 1min
60oC 1min }45 cycles
72oC 1min
72oC 10min final extension
8µl of the PCR product was analysed on a 1.5% agarose gel alongside 100bp marker in
order to check amplification of the correct product.

Following a successful amplification the PCR products were then digested using two
restriction enzymes.
10µl PCR product
0.5µl (~5U) enzyme BstEII
2.5µl restriction buffer
11.5µl sterile distilled water
Incubate at 60oC for 60min
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Similarly a further 10µl PCR product was digested with HaeIII enzyme and its
corresponding buffer for 60min at 37oC.  5µl Ficoll 10x loading buffer was added to the
tubes to stop the reaction and prepare the samples for polyacrylamide gel electrophoresis.

Evaluation of restriction patterns was achieved using a 5% nondenaturing polyacrylamide
gel.  The glass gel plates were assembled and clamped according to the manufacturers
instructions.  The gel was prepared by mixing together 5ml 10x TBE, 6.25ml 40% stock
29:1 acrylamide: bisacrylamide solution and 38.75ml sterile distilled water.  Immediately
prior to pouring 25µl TEMED and 250µl freshly prepared 10% ammonium persulfate
were added and swirled to mix.  The gel was poured immediately, the well comb inserted
and the gel allowed to polymerise for at least 45min.

10µl of each restriction digest product was loaded onto the gel alongside an appropriate
DNA size marker (two lanes per sample), this would be either HaeIII digested φx174 or
5ng 100bp DNA ladder mixed with 5ng 20bp DNA ladder.  The marker was loaded every
six lanes to compensate for distortions across the width of the gel.  For each sample the
two digested products were run alongside each other i.e. BstEII and then HaeIII.  The gel
was run at 5Vcm-1 for approximately 2 hours, stained in a solution of 0.5 gml-1 ethidium
bromide solution and the fragments visualised using a UV illuminator and photographed.

Identification of mycobacteria was achieved by comparing the gel patterns to an
algorithm of patterns.

IS900 PCR to detect M.avium subsp. paratuberculosis (MAP)
The method was first described in the paper IS900 PCR to detect Mycobacterium
paratuberculosis in retail supplies of whole cows’ milk in England and Wales, Millar et
al 1996 and has been modified slightly for use.  Samples were prepared as described
previously in 3.10.1 and 1µl of the extracted DNA used in the PCR amplification.

PCR is used to generate a unique 413bp product from the IS900 sequence found in MAP
strains.

IS900 PCR amplification
Primers
P90+ 5’ GAA GGG TGT TCG GGG CCG TCG CTT AGG 3’
P91+ 5’ GGC GTT GAG GTC GAT CGC CCA CGT GAC 3’

Reaction components for 50µl reaction
taq (5Uµl-1) 0.4µl
Buffer 5µl
dNTP’s (10mM) 1µl
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P90+ (10µM) 2µl
P91+ (10µM) 2µl
MgCl2 (50mM) 1.5µl
H2O 37.1µl
Sample extract 1µl

The reaction mixes were briefly centrifuged and placed into Perkin-Elmer 2400 thermal
cycler programmed as follows:
94oC 5min initial denaturation
93oC 1min
60oC 1min }40 cycles
72oC 3min final extension

PCR products were analysed on a 1.5% agarose gel.  To confirm the origin of these PCR
generated IS900 sequences the PCR products were then membrane bound and probed
using a PCR generated probe prepared as follows.

A 229bp IS900 internal probe was generated by PCR and digoxigenin labelled to
facilitate chemiluminescent detection.

Primers
p25 5’CCA GGG ACG TCG GGT ATG GC 3’
p26 5’GGT CGG CCT TAC CGG CGT CC 3’

Reaction components for 50l reaction
taq (5Uµl-1) 0.25µl
Buffer 5µl
dATP, dGTP, dCTP (10mM) 1µl
dTTP (10mM) 0.65µl
DIG-11-dUTP (1mM) 3.5µl
p25 (10µM) 2µl
p26 (10µM) 2µl
MgCl2 (50mM) 1.5µl
H2O 37.25µl
Mycobacterium avium subsp.
paratuberculosis DNA ATCC 19698 10ng

The reaction mix was then cycled in a PE Biosystems 2400 thermal cycler programmed
as follows;
94oC 5min x1
94oC 1min
64oC 1min } x35
72oC 30secs
72oC 5min x1
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All of the 50µl reaction was run out on a 1.2% low melting point agarose gel.  The gel
was visualised by staining in a solution of 0.5 gml-1 ethidium bromide, viewed on an UV
transilluminator and the fragments excised.  The gel slices were diluted to a final agarose
concentration of 0.2% with sterile distilled water and then boiled to dissolve the agarose.
The probe was stored at 4oC until required.

The identity of the water sample IS900 PCR amplification products was confirmed by
hybridisation with the probe prepared previously.  The paper describes a typical southern
hybridisation dot blot method that was modified for manual dot blotting and
chemiluminescent detection.

A grid of 0.5 x 0.5 cm squares was marked out onto a strip of positively charged
membrane that was then washed for 10min in sterile distilled water.  To 15µl of PCR
product were added 1M NaOH and 200mM EDTA, pH 8.2 to give a final concentration
of 0.4M NaOH/10mM EDTA (no more than 30µl total sample volume), the DNA was
denatured for 10min at 95oC, then immediately placed on ice.

The DNA was spotted onto the membrane and allowed to air dry.  The membrane was
rinsed in 2xSSC and the DNA cross-linked to the membrane by placing the membrane
DNA side up for 2min on filter paper saturated with O.4M NaOH.  After rinsing with
5xSSC the membrane was ready for hybridisation using the probe prepared earlier.

The membrane was rinsed briefly with 2xSSC, and then incubated for 1h at 65oC and
6rpm in a hybridisation oven with 30ml of prehybridisation solution pre heated to 65oC
and 600µl denatured herring sperm DNA 5mgml-1.  After one hour 100µl of denatured
dig-labelled probe was added to the bulk liquid and incubation continued overnight at
65oC 6rpm.

The membrane was washed three times with 50ml pre warmed post hybridisation solution
for 30min at 65oC 6rpm and finally rinsed with 1xTBS for 5min at 37oC.

For the chemiluminescent detection of the probe the membrane was incubated for 1hr at
room temp in 50ml 3%(w/v) skimmed milk powder/1xTBS to block the membrane. 2.5µl
anti-dig alkaline phosphatase antibody conjugate was added to 25ml 3%(w/v) skimmed
milk powder, 1xTBS, 0.5% (w/v) Tween20, the blocking solution was removed and the
membrane incubated with the conjugate for 30min at room temperature.

The membrane was then washed 6 times each for 5min in 50ml 1xTBS, 0.5% Tween20
and rinsed with this solution in between each wash in order to remove any uncongugated
antibody.  The membrane was rinsed with 1xTBS and incubated for 5min in 50ml of
carbonate buffer.  The membrane was then sealed in a plastic bag, DNA side up, and 2ml
of CSPD® solution injected onto the surface of the membrane.  The membrane was
incubated for a further 5min at room temp and the excess liquid allowed to drain away.
The membrane was then resealed into a hybridisation bag and held for 5-15min at 37oC
in order to enhance the luminescent reaction.
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The membrane inside the hybridisation bag was placed DNA-side up in a x-ray cassette
in the dark room.  In the dark the membrane was overlaid with x-ray film and exposed for
~20min.  Finally the film was developed and left to dry before reading the results.  A
positive hybridisation results in a dark spot appearing on the final x-ray film.

Buffers and solutions
Ficoll 10x loading buffer: 20% Ficoll 400, 0.1M Na2EDTA, 1% SDS, 0.25%
bromophenol blue.

Prehybrisation solution: 125ml 20xSSC, 5ml 10% Sarkosyl, 12.5ml 20% SDS, 15g
skimmed milk powder.  Stir to dissolve the milk powder. Make volume up to 490ml with
distilled water.  Filter and store in aliquots of 29.4ml.  Before use add 600µl denatured
herring sperm DNA (5mgml-1).

Post-hybridisation wash solution: for 100ml, 10ml 20xSSC, 0.5ml 20% SDS, 0.2ml 10%
Sarkosyl, 89ml water

Blocking solution: for 100ml, 3g milk powder, 10ml 10 xTBS, 90ml sterile distilled
water.  Stir to dissolve, then filter.  Add 125µl Tween20 to 25ml (for 0.5%).  Mix well
and add the anti-digoxigenin antibody conjugate just before use.

10xTBS: Tris HCl 12.7g, Tris base 2.36g, NaCl 87.66g.  Made up to 1litre with distilled
water.

20 x SSC: 155.3g NaCl, 88.2g sodium citrate. Dissolve in 800ml distilled water and
adjust pH to 7.0, make up to 1 litre.

Carbonate buffer, 1.36g sodium carbonate, 7.35g sodium bicarbonate, 950ml H2O.
Adjust pH to 9.2 with 1M HCl or1M NaOH if necessary.  Add H2O to 1 litre.




