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Abstract

In contrast to the notorious pathogens Mycobacterium tuberculosis and M. leprae, the majority of the mycobacterial species
described to date are generally not considered as obligate human pathogens. The natural reservoirs of these non-primary pathogenic
mycobacteria include aquatic and terrestrial environments. Under certain circumstances, e.g., skin lesions, pulmonary or immune
dysfunctions and chronic diseases, these environmental mycobacteria (EM) may cause disease. EM such as M. avium, M. kansasii,
and M. xenopi have frequently been isolated from drinking water and hospital water distribution systems. Biofilm formation,
amoeba-associated lifestyle, and resistance to chlorine have been recognized as important factors that contribute to the survival,
colonization and persistence of EM in water distribution systems. Although the presence of EM in tap water has been linked to
nosocomial infections and pseudo-infections, it remains unclear if these EM provide a health risk for immunocompromised people,
in particular AIDS patients. In this regard, control strategies based on maintenance of an effective disinfectant residual and low
concentration of nutrients have been proposed to keep EM numbers to a minimum in water distribution systems.
© 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The genus Mycobacterium consists of about 100 spe-
cies, including pathogens and saprophytes, and may be
divided into three groups on the basis of clinical signifi-
cance [1]. The first group includes obligate pathogens in
humans and animals, i.e., the Mycobacterium tuberculosis
complex (M. africanum, M. bovis, M. canettii, M. caprae,
M. microti, M. pinnipedii, and M. tuberculosis), M. leprae,
and M. lepraemurium, which are generally not found in
the environment. The second group comprises mycobac-
teria that are potentially pathogenic to humans or ani-
mals. The majority of these species have been isolated
from various terrestrial and aquatic environments and
may cause disease under certain circumstances, e.g. skin
lesions, pulmonary or immune dysfunctions and chronic
diseases. Examples are M. avium and other members of
the so-called ‘M. avium complex’ (MAC). The third group
consists of saprophytic species that are non-pathogenic or
only exceptionally pathogenic. In literature, the second
and third group are often referred to as ‘atypical my
cobacteria’, ‘anonymous mycobacteria’, ‘facultative path-
ogenic environmental mycobacteria’, ‘potentially patho-
genic environmental mycobacteria’, ‘mycobacteria other
than tuberculosis’ or ‘non-tuberculous mycobacteria’.
However, the two latter terminologies are rather confus-
ing because some members of these groups can also cause
tuberculous-like lesions [2]. Also from the taxonomic
point of view, the classification of mycobacteria in three
groups has little or no value. Although research is focused
mostly on the species M. tuberculosis, M. leprae and
M. ulcerans, numerous studies have shown the clinical
relevance of mycobacteria other than the three

aforementioned species [see reviews [3—11]]. Environmen-
tal mycobacteria (EM) can cause infection or disease in
individuals with predisposing (e.g., pulmonary dysfunc-
tion, low CDy4-lymphocyte cell count) conditions but it
has also been shown that M. avium causes disease in per-
sons without predisposing conditions [12,13]. The follow-
ing main categories of clinical symptomes can be
distinguished: pulmonary disease, hypersensitivity pneu-
monitis, (cervical) lymphadenitis, localized non-pulmon-
ary lesions (e.g., cutaneous, soft tissue and bone disease),
and disseminated disease. Furthermore, EM are often in-
volved in nosocomial infections and pseudo-outbreaks
[14-16] and must therefore be considered as an important
group of bacteria showing increasing pathological impor-
tance. Unfortunately, official figures of infections due to
EM cannot be given because they are mostly not incorpo-
rated in surveillance programs.

EM are found in dust, soil and water and they are
mainly transmitted by ingestion, inhalation and inocula-
tion from environmental sources rather than from per-
son to person [7]. According to Collins et al. [17],
most of the free-living mycobacteria cannot be regarded
as truly aquatic microorganisms. Their principal habitat
is more likely wet soil, or stagnant water in contact with
soil, from which they are washed into rivers and lakes,
and ultimately into the sea [17].

Several authors have demonstrated the presence of
mycobacteria in public drinking water distribution
systems (DWDSs) [18-42a,42b] hospital water distribu-
tion systems [22,43-89] and domestic tap water
[20,22,40,43,46,50,67,73,76,90-98]. On the other hand,
a number of authors failed to isolate EM from drinking
water, probably due to absence or temporary presence
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of EM in the piping, or the use of non-suitable isolation
techniques.

The first reports of isolation of EM from DWDSs ap-
peared in the early 1900s (reviewed by Collins et al. [17]).
EM that are able to grow in DWDSs, have only for the
last two decades been recognized as emerging pathogens
[99-104]. Especially in the interest of immunocompro-
mised persons (e.g., AIDS patients), increasing attention
is paid to the ecology and human health significance of
EM such as M. avium, M. kansasii and M. xenopi, and
the possible role of water as transmission medium.

Interestingly, EM and Legionella pneumophila have a
rather similar ecology including occurrence in water dis-
tribution systems, interactions with protozoa and forma-
tion of biofilms. The presence of EM and legionellae in
the same water distribution system has been shown by
several authors [38,40,79,87].

2. Prevalence and species diversity in water distribution
systems

Testing drinking water quality comprises physical,
chemical and microbiological analyses. In Europe, the
quality standards for drinking water are described in
the Council Directive 98/83/EC of 3 November 1998
on the quality of water intended for human consump-
tion [105]. An overview of the microbiological water
quality standards according to Council Directive 98/
83/EC is summarized in Table 1. Although the most
common organisms found in drinking water systems
are non-pathogenic heterotrophic bacteria, other organ-
isms, like viruses (enteroviruses, Hepatitis A virus, noro-
virus), protozoa (amoebae, Cryptosporidium parvum,
Giardia spp.), and emerging bacterial pathogens, such
as Aeromonas spp., Helicobacter pylori, L. pneumophila,
Pseudomonas aeruginosa and EM, have become increas-
ingly important during the last decades [101-104].
Although each DWDS harbours its own mycobacterial

Table 1

Microbiological quality standards for water intended for human
consumption supplied from a distribution network according to
Council Directive 98/83/EC [105]

Microbiological parameters

Parametric value

Escherichia coli 0 per 100 ml
Enterococci 0 per 100 ml
Indicator parameters Parametric value
Clostridium perfringens (including spores) 0 per 100 ml*
Coliform bacteria 0 per 100 ml

Colony count at 22 °C No abnormal change

% This parameter need not be measured unless the water originates
from or is influenced by surface water. In the event of non-compliance
with this parametric value, the Member State concerned must inves-
tigate the supply to ensure that there is no potential danger to human
health arising from the presence of pathogenic micro-organisms, e.g.,
Cryptosporidium spp.

flora, EM are generally not included as a parameter in
standard microbiological analysis. Most EM are virtu-
ally never covered by the heterotrophic plate count be-
cause plates are usually incubated at 20 °C, 22 °C,
30 °C or 37°C for 48 h, 72 h or 7d (depending on the
international standard followed), and the composition
of the routine media such as R2A agar and plate count
agar differs from those usually used to cultivate
mycobacteria.

2.1. Analytical methods

Water samples are analyzed after concentration of
the mycobacteria by centrifugation or filtration. The
pellet or filter is decontaminated in order to reduce the
background flora of other bacteria and fungi. Several
protocols have been described [106] but a standard pro-
tocol for the isolation of EM from drinking water is not
available. Neumann et al. [107] suggested decontaminat-
ing treated water with 0.005% cetylpyridinium chloride
for 30 min, filtration, rinsing of the filter with sterilized
water, followed by incubation of the filter on Lowen-
stein—Jensen medium at 30 °C. Of course, it should be
taken into account that the choice of a particular incu-
bation temperature will select for those mycobacteria
which only grow at the chosen temperature. For in-
stance, M. xenopi will not be detected when the growth
medium is incubated at 30 °C because its optimal
growth temperature lies in the range 40-45°C [108].
Other parameters such as incubation time, O,/CO, ra-
tio, and addition of micronutrients or specific growth
factors to the medium, also play a role. Harsh decon-
tamination procedures in order to isolate EM from envi-
ronmental sources have probably lead to losses of
numbers and in species or strain diversity [36,73]. There-
fore, the failure to recover a particular species after iso-
lation and identification, does not necessarily reflect its
absence in the DWDS.

Identification of waterborne mycobacteria is mostly
done after cultivation. Isolates are identified using phe-
notypic tests or applying chemotaxonomic techniques
such as gas-liquid chromatography, high-performance
liquid chromatography or thin-layer chromatography
[109-112]. Due to the difficult growth requirements
and rich species composition of the genus Mycobacte-
rium, molecular methods are often the preferred tech-
niques for identification. This can be achieved by
species-specific PCR-tests, polymerase restriction endo-
nuclease analysis (e.g., of the Asp65 gene) or 16S rRNA
gene sequencing [106,110,111,113-116]. Commercial
DNA probes (e.g., AccuProbe®, Gen-Probe Inc.; Geno-
Type Mycobacterium, Hain Lifescience; INNO-LiPA
Mycobacteria, Innogenetics N.V.) are quick tools to
identify the most well-known mycobacteria [117-122].
However, it should be kept in mind that most of the
above described identification methods are rather
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narrowly focussed on clinically important mycobacteria.
For example, 16S rRNA sequencing will not distinguish
M. abscessus from M. chelonae [123,124]. A polyphasic
approach, i.e., a combination of a wide range of pheno-
typic and genotypic techniques, remains the gold stan-
dard to identify known mycobacterial species and to
describe new EM species [125,126].

2.2. Prevalence

Mycobacteria were isolated from 16 (38%) of 42 pub-
lic DWDSs in the USA [33]. A total of 21.3% (42/197)
and 72% (104/144) of the samples from a DWDS in Pa-
tras (Greece) and Paris (France), respectively, was posi-
tive for mycobacteria [34,36]. In tap water from a
hospital, 20.4% (10/49) of the samples were positive
for EM [81]. Interestingly, acid-fast bacilli other than
mycobacteria were detected in 83.7% (41/49) of the tap
water samples [81]. The occurrence of mycobacteria in
drinking water from distribution systems that used
groundwater was similar to distribution systems that
used surface water: 31% and 36%, respectively [33]. M.
gordonae was the only mycobacterial species recovered
from drinking water samples from distribution systems
that used groundwater as source [33]. These observa-
tions were not confirmed by Schwartz et al. [32], who
could not detect mycobacteria in DWDS biofilm sam-
ples when groundwater was used as water source. How-
ever, the molecular techniques used by these authors did
not cover all EM so it is possible that certain species
were not detected. The isolation frequency of mycobac-
teria from Finnish DWDS samples was 35% and in-
creased up to 80% at the most distal sites of the
waterworks [41]. Higher mycobacterial numbers were
encountered in systems using surface water and applying
ozonation [41], which can be explained by a higher con-
tent of carbon source due to the oxidative breakdown of
complex molecules. An overview of the mycobacterial

numbers found in water distribution systems is shown
in Table 2.

2.3. Species diversity

The species M. avium, M. chelonae, M. fortuitum, M.
gordonae, M. kansasii, and M. xenopi are the most fre-
quently reported mycobacteria occurring in drinking
water (Table 3). This can partly be explained by the fo-
cus of some studies on particular species such as M.
avium, M. kansasii and M. xenopi. As shown in Table
3, at least 33 of more than 100 taxonomically described
species can be found in water distribution systems. It is
clear that a complete overview of the species composi-
tion is hampered by the lack of suitable sampling and
isolation methods, the limited ability of routinely used
identification methods to also recognize non-clinical
species, and the poor knowledge on the species’ distribu-
tion in place and time in the pipes. For example, 57 of
the 104 isolated mycobacteria from a DWDS in Paris
could not be identified following 16S rDNA sequencing
and hsp65 gene analysis [36]. Based on a polyphasic
identification methodology, 126 of 351 isolates from
drinking water and deposit samples could not be identi-
fied to the species level [41]. Given the relatively high
number of unspeciated DWDS isolates in several stud-
ies, the description of new mycobacterial species is ex-
pected to increase in the coming years.

3. Growth and survival in water distribution systems

Routes through which (myco)bacteria can enter the
distribution system include water treatment break-
throughs, leaking pipes, valves, joints and seals, cross-
connections and backflows, finished water storage
vessels, improper treatment of materials, equipment or

Table 2

Mycobacterial counts in water distribution systems

Counts % of samples Location/isolation medium Reference
1-50 CFU 1! 78 Drinking water [36]
51-500 CFU 1! 21

>500 CFU 1! 1

1-20 CFU 500 ml™! >80 Drinking water [33]
Median of 26 CFU 1! (range: 4-1600 CFU 1) NR? Cold water Sites [69]
Median of 14 CFU 1! (range: 4-400 CFU 1Y NR?* Hot water sites

Mean of 69 CFU 17! (range <20-130 CFU 17 }) NR? Tap water [87]
Mean of 290 CFU 17! (range 21-1400 CFU 1) NR?* Shower water from a hospital warm Water system

Median of 7.0 x 10° CFU/g (range 4.9 x 10*-1.4 x 10° NR? 0ld deposits in DWDS [41]

CFU g' dry weight)

Median of 3.9 x 10° CFU/g (range 1.0 x 10°-2.1 x 10° NR?
CFU g ' dry weight)

Median of 140 CFU 17! (range: 10-3500 CFU 1) NR?

1-year old deposits

Distal site of the waterworks

% NR, not reported.



M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934 915

Table 3
Non-exhaustive overview of Mycobacterium species isolated from water distribution systems (domestic, public and hospital water supply)
Species/group Reference
. abscessus [42b,50,59,71]
aurum [31,35,36]
avium [28,33,35,55,68,69,73,95,98]

avium complex (MAC)*
brumae [40]
chelonae
chlorophenolicus [40]

gordonae

haemophilum [35,40]

SEESEKSSXKKKSSNSSNSSSSSEEEESSEKXKRRERRRERRR

xenopi

favescens

Sfortuitum

fortuitum complex [25,27]
gadium [36]
gastri [20,46,69]
gastrilkansasii® [33,81]
genavense [401,[741°
giloum [42b]

[23,27.30.40,46,49,50,54,56,66,67,73.,76,84,89,90,94,95]
[25,27,50,601°, [34,36,69,72.86,92,127]

[27.31,34.40,69,72.92]
[21,24,31,33,34,36,40,42b,51,61,69,75,81,86,97,127]

[20,21,23-28,31,33-37,40-42b,46,47,50,54,57,62-66,69,72,77,79-81,83,84,86,92,93,97]

intracellulare [33,35,36,40,44,73]
kansasii [18,20-24,34,43,45,48,52,53,62,63,65,69,70,92,96]
lentiflavum [41]

malmoense [40,69]

marinum [35]

mucogenicum [33,86,88,127,128b]
nonchromogenicum [36,40]

peregrinum [33,36,88]

phlei [34]

scrofulaceum [31,33,54,81]
septicum [42b]

shimoidei [35]

simiae [65,81,82]
smegmatis [40,86]

szulgai [40,81]

terrae [24,31,34,35,58,72]
tusciae [41,128]

vaccae [40]

[43,45,46,49,53,56,62,65,66,69,78,91,93]

& MAC (M. avium complex or M. avium-intracellulare complex) consists of the species M. avium and M. intracellulare, and isolates which cannot be
assigned to the species level and which are often reported as ‘Mx’ or ‘Mycobacterium sp. X’ (=positive for MAC by DNA probe but not for M. avium
or M. intracellulare). M. avium consists of four subspecies: M. avium subsp. avium, M. avium subsp. hominissuis, M. avium subsp. paratuberculosis,

and M. avium subsp. silvaticum.

® In these studies, M. chelonae was named M. chelonei according to the taxonomy of that time. M. chelonei has been renamed M. chelonae subsp.

chelonae.
¢ Indistinguishable by 16 S rDNA sequencing [33] and RFLP [81].

4 Could not be isolated from tap water by culture but was detected by PCR.

personnel before entry and inadequate distribution sys-
tem security [129]. Once (myco)bacteria have gained ac-
cess to the piping, these organisms can survive and
persist provided that the environmental conditions are
favourable. Physiological characteristics, such as growth
at low nutrient concentrations, biofilm association, pro-
tozoal interactions, and chlorine resistance (see Section
7.2), are important survival factors.

3.1. Growth conditions

In general, growth of microorganisms in DWDSs and
on pipe walls is infuenced by several factors, including

the concentration of biodegradable organic matter (this
parameter includes the biodegradable dissolved organic
carbon and the assimilable organic carbon, AOC),
microbially available phosphorus and nutrients, sedi-
ment accumulation, microbial interactions, concentra-
tion of free residual disinfectants, residence time,
environmental factors (including pH, temperature and
turbidity of the water), design of the network (presence
of dead ends, diameter of pipes), hydraulics, and charac-
teristics (composition, porosity, roughness) of the mate-
rial covering the distribution pipes [129-140]. Because
many of these factors (alone or in combination) can be
detrimental for (myco)bacterial growth, it is acceptable
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to conclude that results obtained by several studies can-
not be easily compared.

3.1.1. Nutrition

Drinking water can be considered as a nutrient-poor
medium under the conditions that AOC was removed
during water treatment. The AOC is the fraction of
the biodegradable organic matter which can be con-
verted to new cellular material (assimilation) and is a
measure of the growth potential in the drinking water.
Starved bacteria, corrosion, sedimentation and oozing
of organic matter will contribute to the increase of nutri-
ents in drinking water. Prevention of regrowth of het-
erotrophic bacteria in drinking water is obtained when
the AOC concentration is <10 pg acetate-C equivalent
17! [141].

Mycobacteria can survive in water containing trace
amounts of nutrients. Proliferation of slowly growing
mycobacteria appeared to be limited by the AOC levels
in distribution system waters [35]. Unfortunately, these
authors did not report a limiting concentration. In a
model distribution system, it was shown that when no
disinfection was applied, M. avium could be recovered
from biofilms at an AOC level of >53 ug 17! [142]. Car-
son et al. [143] showed that growth of M. chelonae (in
their study assigned as M. chelonei) and M. fortuitum
strains in commercial sterile distilled water at 25 °C
was possible. M. chelonae was able to multiply in com-
mercial sterile distilled water, attaining population levels
of 10° to 10° CFU ml ™. Over a period of one year, total
viable counts in commercial sterile distilled water de-
clined slowly. According to Carson et al. [143], M.
chelonae utilized trace amounts of volatile or other
nutrients which were inevitably present in commercial
sterile distilled water. On the other hand, after three
months, one log reduction of M. intracellulare in re-
verse-osmosis deionized water at 4 °C and 37 °C was
observed [144].

Humic acids and fulvic acids stimulated the growth of
M. avium [145]. Large numbers of mycobacteria (4.5 x
10*-1.2x 10° CFU g™ ! dry soil) were found in boreal
coniferous forest soils [146]. Drinking water from pro-
duction units located in or nearby humic- and fulvic-rich
environments (e.g., forests) can be rich of these com-
pounds. Humic substances can act as the sole carbon
and energy source for biofilm bacteria as was demon-
strated in a reactor system [147]. Other conditions which
stimulated growth of M. avium included low pH (pH as
low as 4.0), low dissolved oxygen (4% of atmospheric
levels) and high soluble zinc [145,148]. An association
between soluble zinc and the recovery of M. avium from
hospital water systems with galvanized pipes consisting
of zinc alloys, has been made [148]. A positive correla-
tion was found between the iron content of the water
and the number of mycobacteria [41], although this does

not necessarily points to a causal relationship. The
higher iron content was probably due to corrosion of
the pipe wall and it has been shown that iron reacts with
free chlorine, resulting in a decrease of the chlorine con-
tent. Indeed, a minimal free chlorine content of 0.19 mg
17! was found in the distal parts of the DWDSs [41].

3.1.2. Temperature

Water temperature can drastically affect the micro-
bial diversity in aquatic environments. The group of
EM contains a continuum of psychrophilic and meso-
philic species, including a few species that are relatively
heat resistant and can survive high temperatures. It has
been suggested that M. avium subsp. paratuberculosis
can survive high-temperature-short-time pasteurization
(15 s at 72 °C) of raw milk although diverging opinions
exist about this subject [149-151]. The water tempera-
ture in drinking water supply chains can fluctuate with
the season while constant and higher water tempera-
tures, even up to 60 °C, are found in distribution sys-
tems and hot water tanks in buildings [152].

M. avium was isolated from hot water systems (51.9—
57.2°C) in hospitals [55]. The number of organisms
recovered by du Moulin et al. [55] ranged from 1 to
500 CFU 100 ml~'. M. avium was found in hot tap
and shower samples collected from two hospitals, in
numbers ranging from 0.4 to 5.2 CFU ml™' [68]. M.
intracellulare was isolated from a shower sample
(50.5°C) [33]. 35% (13/37) of the samples from warm
taps or showers were positive for mycobacteria [33]. Sev-
eral authors made the association of M. avium or MAC
with hot tubs, bath water systems or spas [153-162]. The
predominance of M. avium or MAC in hot water was,
however, not confirmed by Aronson et al. [73] and Cov-
ert et al. [33]. M. kansasii and M. xenopi were more fre-
quently recovered from water distribution systems in
buildings than from the main water system, probably
because the higher temperatures in buildings are more
favourable for growth [20,93].

A seasonal effect on mycobacterial recovery was ob-
served by Kubalek and Komenda [31], who found a
higher frequency of mycobacteria in potable water col-
lected in spring compared to samples collected in au-
tumn. These results could not be confirmed by
Falkinham III et al. [35] who claimed that the choice
of the incubation temperature influenced the recovery
of mycobacteria.

3.2. Biofilms

Some EM may not be able to grow fast enough to
overcome the dilution effect of the water flow but can
persist in the DWDS through surface attachment. Sev-
eral authors have demonstrated the capacity of myco-
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bacteria to produce or live in biofilms in aquatic envi-
ronments [32,35,39,42b,92,142,163-176]. A biofilm is a
microbial community characterized by cells that are irre-
versibly attached to a substrate or interface or to each
other, that are embedded in a matrix of extracellular
polymeric substances that they have produced, and that
exhibit an altered phenotype with respect to growth rate
and gene transcription [177]. The formation of biofilms
can be regarded as a universal bacterial strategy and
optimum positioning with regard to available nutrients
[178]. Biofilms, consisting of single or multiple bacterial
species, can function as a reservoir of opportunistic and
true human pathogens. Bacteria, including mycobacte-
ria, embedded in a biofilm are more protected against
antimicrobial agents than planktonic cells [169,170,
174,179,180]. Restricted penetration of the antimicrobi-
als into the biofilm, decreased growth rate, and expres-
sion of possible biofilm-specific resistance genes are
mechanisms which, alone or in combination, explain
biofilm survival in a number of cases [179,180].

Biofilm formation can be described by a multi-step
model [181-183], in which the following steps are distin-
guished: (1) formation of a conditioning film (often de-
scribed as fouling of the surface), which alters the
properties of the surface, which in turn influences bacte-
rial adhesion, (2) reversible adhesion of the microorgan-
ism to the surface, (3) irreversible adhesion, (4)
microcolony formation and (5) biofilm formation.
Detachment (‘sloughing’) of the biofilm leads to the
spread of bacteria further in the environment. The struc-
ture of a biofilm depends on many internal and external
factors, and consequently, several models have been
proposed [184,185]. Biofilm formation in DWDSs could
be viewed as a successional process in structure and spe-
cies composition [186]. Besides pathogenic bacteria, bio-
films can harbour iron, sulphate and manganese bacteria
which cause corrosion and water discolouration affect-
ing taste, odour and appearance of the potable water.

The mechanism of biofilm formation by mycobacteria
is not fully understood and has only recently been stud-
ied. Mycobacteria lack surface structures like flagella,
pili, fimbrae, surfactants, slime or capsules as surface
translocation modes. These structures are used by micro-
organisms to reach and to attach to the surface. Myco-
bacteria achieve spreading on surfaces by a sliding
mechanism. This form of motility is likely to play an
important role in the surface colonization in the environ-
ment as well as in the host [187]. The surface properties of
cells, in particular determined through glycopeptidoli-
pids, severely affect their ability to spread on solid sur-
faces [187-189]. Hydrophobic interactions between the
exposed fatty acid tails of the glycopeptidolipids and
the hydrophobic surface would mediate attachment and
biofilm formation [188]. Conversely, the hydrophobic cell
cannot interact with hydrophilic surfaces, resulting in a
reduction of friction and sliding on the surface. Ridgway

et al. [190] suggested that cell surface polypeptides, a-1,4-
or o-1,6-linked glucan polymers, and carboxyl ester
bond-containing substances (possibly glycopeptidoli-
pids) may be involved in mycobacterial adhesion in their
study of the adhesion of a Mycobacterium sp. to a cellu-
lose diacetate membrane used in reverse osmosis. Limia
et al. [191] hypothesized that one of the possible functions
of the secA gene from M. avium, encoding a major pre-
protein translocase subunit associated with the secretion
system of prokaryotes, was involved in the secretion of
proteins or peptides associated with biofilm formation.
The upk gene, encoding for undecaprenyl phosphoki-
nase, seemed to be essential for biofilm formation of M.
smegmatis [192]. Biofilm formation by M. fortuitum
showed a sigmoidal growth curve on silastic rubber
[167]. A similar growth pattern was observed in a M. phlei
biofilm [169]. Microcolonies and exopolysaccharides for-
mation in mature mycobacterial biofilms have been de-
tected by scanning electron microscopy [169,170]. The
presence of Ca®*, Mg>" or Zn*" ions in water influenced
M. avium biofilm formation on polyvinyl chloride,
although biofilm formation was strain-dependent among
five clinical M. avium isolates [171]. It should be stressed
that all aforementioned studies were performed using one
single mycobacterial species, under in vitro conditions
and without the interaction of other microorganisms
whereas biofilms in piped distribution systems will mostly
be composed of multiple species.

Mycobacteria-containing biofilms have been found in
water meters, which are usually placed at the distal site
of the distribution system [35]. In this regard, the species
M. aurum, M. avium, M. gordonae, M. haemophilum, M.
intracellulare, M. marinum, M. shimoidei and M. terrae
have been recovered from water meter biofilm samples.
Among the 267 biofilm Mycobacterium sp. isolates, 131
were identified as M. intracellulare, four as M. avium
and 30 isolates could not be assigned to the species level.
The number of M. intracellulare in the mycobacterial
biofilm was 1.3-2900 CFU cm 2, with an average num-
ber of 600 CFU c¢cm 2. The number of slowly growing
Mycobacterium spp. was between 1.4 and 4300 CFU
cm 2, with an average value of 820 CFU cm 2. In a
study of Schulze-Robbecke et al. [92], the density of
mycobacteria ranged between 10°> and 10* CFU cm 2,
whereas M. flavescens was mainly found in domestic
water system. Mycobacterial counts up to 4.6x 10°
CFU cm* were found in DWDS biofilms in South Afri-
ca [42b]. Falkinham III et al. [35] emphasized that the
recovery of mycobacteria was an important parameter
in their study. Mainly the growth of faster-growing bac-
teria influenced the results. In conclusion, the choice of
the method (e.g., surface scraping, sonication, micros-
copy) to study the biofilm is an important parameter
and the results in relation to counts and species compo-
sition between different studies need to be interpretated
with care.
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3.3. Protozoa

Another factor in the survival of mycobacteria is
their association with free-living amoebae and other
protozoa. Amoebae are present in potable water distri-
bution systems [193,194] and hospital water systems
[195] and it has been shown that several other microor-
ganisms have an amoeba-associated lifestyle [196]. The
exposure of humans to amoebae and amoeba-associated
mycobacteria seems, therefore, not unlikely. Several spe-
cies and strains of free-living amoebae show resistance
to transient exposure to elevated temperatures
[195,197]. Furthermore, it has been shown that Acantha-
moeba polyphaga and A. castellanii produce small respi-
rable vesicels which can contain living bacteria like L.
pneumophila [198]. Due to their small size (2.1-6.4 pm
in diameter), these vesicles can easily be inhaled.
Although a limited number of studies has been
published with regard to mycobacterial protozoal inter-
actions, it is clear uptil now that in contrast to the so-
called Legionella-like amoebal pathogens [199-202],
some EM are associated with, but are not completely
dependent on amoebae.

Survival of Mycobacterium spp. (including M. avium)
in A. castellanii was already reported in 1978 [203]. M.
avium, M. fortuitum and M. marinum were shown to
grow intracellularly in A. castellanii Neff ATCC 30234,
whereas M. smegmatis was not able to survive within
this amoeba [204]. Survival or growth of M. avium was
observed in other amoebae, such as A. polyphaga [205]
and Dictyostelium discoideum [206], and it has been dem-
onstrated that M. avium, M. intracellulare and M. scrof-
ulaceum grew in the ciliate Tetrahymena pyriformis [207].
M. avium was also found within the outer walls of the
double-walled cysts of A. polyhaga [205] and survived
encystment of 7. pyriformis [207]. M. bovis survived
ingestion by A. castellanii under experimental conditions
[208]. Survival and growth of M. marinum was observed
in D. discoidemum [209]. All these studies suggest that
free-living protozoa may be natural hosts and reservoirs
of several Mycobacterium species, including M. avium.
Amoebae may not only serve as reservoirs but also as
vehicles for transmission [197]. Amoeba-grown M.
avium displayed enhanced entry into epithelial cells
and was more virulent in the macrophage in vitro mod-
els as well as in the C57BL/6 bg*/bg"* beige mouse model
of infection [204]. Although growth of M. avium in and
interaction of M. avium with amoebae may have re-
sulted in enhanced virulence, it is possible that A. castel-
lanii transversed the mouse intestinal epithelium and
could carry bacteria along. In addition, amoeba-grown
M. avium have been shown to become less susceptible
to rifabutin, azithromycin and clarithromycin [210].

As will be discussed further in this review (Section
4.4), special concern exists about dental unit waterlines
(DUWLs). Biofilms inside dental instruments can con-

siderably increase the concentration of free-living amoe-
bae. Barbeau and Buhler [211] reported that the
concentration of free-living amoebae was up to 300
times higher in dental unit water samples than in tap
water even though the water source was the same. Hart-
manella spp., Vanella spp., and Vahlkampfia spp. were
the most frequently encountered amoebae species
whereas Naegleria spp. and Acanthamoeba spp. were
present in 40% of the samples. Through the exposure
of dental workers and patients to aerosols containing
amoebae, non-mycobacteria (e.g., P. aeruginosa and
L. pneumophila) and EM, it cannot be ruled out that this
can lead to clinical implications. Improvement of water
quality by lowering bacterial and amoebal counts are,
therefore, recommended.

4. Waterborne infections

EM can cause a broad range of infections and dis-
eases. In some cases, colonization of ‘healthy’ individu-
als or individuals with no predisposing conditions has
occurred, resulting in positive cultures without clinical
signs. Furthermore, it should be highlighted that coloni-
zation (=an outcome of infection whereby a microbe is
recovered from a non-sterile site at which no damage
is clinically apparent), infection (=acquisition of a mi-
crobe by a host) and infectious disease (=a state of
infection where host damage occurs as a result of
host-microbe interaction) are distinct clinical concepts
[212,213] that are occasionaly used in the wrong context
in literature.

4.1. Typing of isolates

Molecular typing methods are important tools in rec-
ognizing outbreaks of infection, detecting cross-trans-
mission of nosocomial pathogens, determining the
source of infection, and recognizing particularly virulent
strains of organisms [214]. It must be emphasized that
molecular typing is a part of the epidemiological inves-
tigation and cannot replace information obtained by
other techniques or information sources [215-217]. Mul-
tilocus enzyme typing and DNA fingerprinting methods
such as randomly amplified polymorphic DNA (RAPD)
analysis, restriction fragment length polymorphism
(RFLP) analysis, and the widely used pulsed field gel
electrophoresis (PFGE) technique have been used for
typing EM [218].

4.2. Weakened immune system

In some cases, increased susceptibility of human hosts
to EM has been observed due to mutations in five genes
(IFNGRI, IFNGR2, ILI2RBI, ILI2B and STATI)
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[219-221]. Clinical treatments such as chemotherapy in
cases of cancer treatment and organ transplantation, ren-
der these patient groups more vulnerable to infections.
Other risk groups include neonates, intensive care unit
patients, and elderly persons whose immune system be-
came weakened. Most authors report infections in immu-
nocompromised persons such as AIDS patients. This
latter patient category has probably the highest risk for
infection with EM.

Although EM have been recovered from potable
water, there are only very few matches where such iso-
lates were found to be genotypically related to patient iso-
lates. By PFGE typing, a M. avium isolate from an AIDS
patient was indistinguishable from an isolate from a hos-
pital recirculating hot water system [68]. Another AIDS
patient was infected with a strain of M. avium of which
the PFGE pattern was indistinguishable from an isolate
from his home water supply [98]. In a study using simian
immunodeficiency virus-inoculated rhesus macaques
(Macaca mulatta), six M. avium animal isolates displayed
DNA fingerprints identical to that of an environmental
isolate recovered from the facility’s water distribution sy-
tem [222]. In case of hospitalized immunocompromised
patients, inexpensive but yet potentially effective mea-
sures such as boiling or filtering water and the use of dis-
posable sterile sponges instead of showering are
recommended [223,224]. The opinion that bathing is pre-
ferred above showering is not shared by all authors since
the route of transmission is not fully understood [225].

Although isolation of waterborne strains from pa-
tients has been documented, there is no general agree-
ment on the risk of exposure to environmental sources
like, e.g., home water systems. In a study by Montecalvo
et al. [94], it was shown that the patient’s (HIV-positive)
mean daily water consumption from taps that cultured
positive for MAC was about three glasses. Rice et al.
[226] estimated that approximately 1500 individuals with
advanced AIDS, within a US HIV-infected population
0f 900,000, were exposed to MAC via tap water ingestion
each day. The estimation was based on two MAC tap
water exposure models, each resulting in a value of 650
and 2400 individuals. Horsburgh et al. [227] concluded
that water or water aerosols due to daily showering were
not risk factors for MAC disease in HIV-positive persons
having <50 CD4" cells mm—>. Similar observations were
made by von Reyn et al. [98], who concluded that having
a home water supply colonized with M. avium was not
associated with risk of developing a disseminated M.
avium infection. Other studies have shown that urban
residence [76], consumption of raw or partially cooked
fish or shellfish [76,228], swimming in an indoor pool
[228], and history of bronchoscopy [228] are risk factors
of infection or disseminated disease. Meunier et al. [37]
advised not placing aquariums in units where imuno-
compromised patients are treated. Opening of the aquar-
ium lid to feed the fish or replacement of the filter, may

generate aerosols containing mycobacteria such as M.

Sfortuitum and M. peregrinum. Clearly, there is no consen-

sus today about the risk for AIDS patients (CD4"-
count < 100 mm ) or for healthy persons of exposure
to drinking water, consumed as such, or through contact
with water droplets (showering). Panic can have adverse
effect on consumer confidence and drives them to home
purification units which may adversely affect water qual-
ity when used without knowledge [229]. Rodgers et al.
[230] showed in a laboratory experiment that M. avium
can colonise point-of-use water filters and even exhibited
resistance to silver. The percentage isolation frequency of
acid-fast bacteria (no distinction was made between
Mycobacterium spp. and other acid-fast bacilli such as
Nocardia spp.) increased from 16.6% to 43.8% for tap
water and point-of-use treated water, respectively [231].
These two observations were not supported by Sheffer
et al. [232] who found that new point-of-use water filters
completely eliminated M. gordonae from hot water.
However, it should be stressed that these latter authors
did not include other Mycobacterium spp. in their study.

Comprehensive epidemiological studies are needed to
provide firm evidence that pathogenic mycobacteria are
transmitted by the water route and contribute signifi-
cantly to both morbidity and mortality [233]. In the
end, it is the task of national governments to set stan-
dards in respect of public health and communicate these
in the right way. Meanwhile, several organizations and
patient associations have published warnings for the risk
of waterborne infections with M. avium.

4.3. Nosocomial infections

Important water reservoirs in the hospital include po-
table water, bedside drinking-water carafes, water foun-
tains, sinks, faucet aerators, showers, tub immersion,
toilets, dialysis water, ice and ice machines, water baths,
flower vases, eyewash stations and dental unit water
stations [99,234]. Literature data on EM-associated nos-
ocomial infections have been reviewed elsewhere
[14-16]. Waterborne nosocomial infections caused by
mycobacteria include wound infections, postinjection
abscesses, surgery-related outbreaks, and infection after
bronchoscopy or dialysis. The following sources can be
distinguished [223]:

e rinsing with contaminated tap water of surgical
devices and endoscopes/bronchoscopes after dis-
infection;

e contaminated ice and ice machines;

e inhalation of aerosols during showering.

Other sources of EM include biofilms inside equip-
ment [64,235,236] and contaminated solutions used as
skin disinfectant or for skin-marking [237,238].
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4.4. Dental unit waterlines

Another concern consists of the development of respi-
ratory infections in dental patients and dentists due to the
presence of mycobacteria and mycobacterial biofilms in
DUWLs [166,176,239-244]. The unique feature of dental
chair waterlines is the capacity for rapid development of a
biofilm on the dental water supply lines combined with the
generation of potentially contaminated aerosols [239].
The plastic tubing utilized in dental equipment (e.g., poly-
vinyl chloride and polyurethane) generally favours bacte-
rial adherence due to its hydrophobic character. The
water column inside the small lumen moves in the center
of the tubing leaving a thin layer of liquid virtually undis-
turbed against the walls. This physical state creates propi-
tious conditions for water microflora to establish a biofilm
[211]. Intermittent use patterns of dental lines leads to
stagnation of the entire water column within the water-
lines for extended periods during the day, thus promoting
further undisturbed bacterial proliferation [239]. Micro-
bial levels of water in dental unit water systems can exceed
those considered as safe for drinking water, as established
by international guidelines [239,240]. Numbers of EM in
DUWLs can exceed those of drinking water by a factor
of almost 400 [166]. Identified species were M. chelonae,
M. flavescens, M. gordonae, and M. simiae [166]. High
numbers of EM may be swallowed, inhaled or inoculated
into oral wounds during dental treatment with the poten-
tial for colonization, infection or immunization [166,239].
At present, there is no evidence of a widespread public
health problem from exposure to dental unit water. Nev-
ertheless, the goal of infection control is to minimize the
risk of exposure to potential pathogens, e.g., by using ster-
ile water during surgical treatments and by creating a safe
working environment in which to treat patients [239,243].
Personal protection such as the use of face seal masks and
arubber dam are measures that can be easily implemented
[245,246]. Recently, the Centers for Disease Control and
Prevention (Atlanta, USA) have published guidelines
for infection control in dental health-care settings [247].
On the level of microbiological control, dental unit water
should contain no more than 200 CFU ml ™! (aerobic het-
erotrophic plate count) as recommended by The Ameri-
can Dental Association [248]. The use of disinfectants
such as chlorine was more effective than drying the
DUWL [249]. Flushing the DUWL results only in a tem-
porary reduction in bacterial load and has no or little ef-
fect on the biofilm [250]. Chlorine dioxide was a
powerful chemical which had a positive result on control-
ling DUWL biofilm [251].

4.5. Cystic fibrosis
Cystic fibrosis (CF) is a genetic disease as a result of

defects in the cystic fibrosis transmembrane conductance
regulator gene. CF is characterized by abnormally vis-

cous secretions, mucus plugging of the airways, intense
inflammation, chronic airways infection, gastrointesti-
nal/nutritional abnormalities, and early death due to
progressive bronchiectatic lung disease [252]. Lungs
of CF patients are often colonized or infected with
bacteria, including Burkholderia cepacia, Haemophilus
influenza, P. aeruginosa, and Staphylococcus aureus
[253-256]. In the last decades, mycobacteria have been
isolated from patients suffering from CF [257-259],
including M. abscessus and MAC that are of particular
concern. The role of mycobacteria as potential patho-
gens for CF patients remains unclear [254]. CF patients
that are repeatedly positive in mycobacterial culture and
that have persistent symptoms despite adequate conven-
tional antimicrobial treatment should be evaluated for
mycobacterial disease [260]. According to Griffith
[261], the problem of EM lung infection will certainly
grow because the life expectancy of CF patients contin-
ues to improve. Aging CF patients may be at greater risk
because of increased exposure to antibiotics and im-
mune-modulating drugs, chronic mucopurulent lung
disease and diabetes mellitus [262].

To our knowledge, only one study so far has investi-
gated the possible correlation between Mycobacterium
spp. isolated from CF patients and drinking water. In
this study [88], M. mucogenicum and M. peregrinum
were isolated from water supply units from which the
authors concluded that M. abscessus was not acquired
nosocomially.

4.6. Repeated exposure

Healthy persons can become infected after repeated
exposure. This was shown in a few studies where
MAC caused mycobacterial disease after frequent bath-
ing or use of hot tubs [153-162]. It is unclear if hot tub
lung results from hypersensitivity to MAC or is associ-
ated with infection [263,264].

Picardeau et al. [70] found identical PFGE patterns
for M. kansasii isolates from three HIV-negative pa-
tients from a single family living in the same household
as for a shower isolate recovered from their home. A M.
avium sputum isolate from a non-AIDS patient yielded
an identical PFGE pattern as an isolate from a water
sample isolated at home [73]. A similar observation
was found between isolates from sputum samples of
non-AIDS patients and hospital water isolates [73].

Mycobacteria can be found in stool of healthy per-
sons [265], suggesting that drinking water and food
[95,266,267] can be considered as sources of intake.

Swimming pools provide a suitable habitat for the sur-
vival and reproduction of mycobacteria [19,28,268,269].
Splashing in the water creates small water droplets
which can be inhaled. Mycobacteria were detected in
potentially respirable water particles (aerodynamic
diameter of <10 pm) generated at whirlpools [270]. Until
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today, no mycobacterial infections due to aerosolization
of swimming pool water have been reported.

5. Mycobacterial drinking water risk assessment

It is clear that due to the presence of EM in drinking
water, daily exposure cannot be excluded. People are ex-
posed by drinking, eating, bathing, and inhalation of
aerosols (showering, cleaning). The gut and respiratory
tract are considered as the port of entry [271]. M. avium
can survive the acidic conditions of the stomach [272]. It
is also plausible that aspiration, rather than aerolisation,
is a mode of transmission [273].

Microbial risk assessment (MRA) is a method to esti-
mate the risk of infection from pathogens and is often
used in food microbiology [274,275], but can of course
also be applied in drinking water hygiene practices
[276]. Essentially, microbial food safety risk assessment
includes (i) hazard identification, (ii) exposure assess-
ment, (iii) hazard characterization (or dose-response
assessment), and (iv) risk characterization [274,275,277].
MRA is one of the three components of risk analysis next
to risk management and risk communication [278].

It is the aim of MRA to predict the number of infected
persons under non-outbreak conditions, to determine
an acceptable risk and hence to define microbiological
standards for the particular germ in drinking water, to
determine the effectivenes of drinking water treatment,
to optimize the disinfection process against microbial
risks and to provide a defensive position for new
and emerging agents in the absence of epidemiological
evidence [276,279].

Although MRA would be a helpful tool to better
understand the risk of EM in drinking water, there are
at the moment no or few channels that can supply this
information. Problems which are encountered include
the lack of information with regard to the infectious
dose of the pathogen, its relative distribution and abun-
dance in the drinking water, putative virulence factors,
and the choice of a ‘model organism’ and suitable math-
ematical model. In addition, water use, consumption
patterns and diet of individual consumers can vary
greatly and affect their potential exposure [229]. Infor-
mation about the infectious dose of EM is scarce and
is mainly concentrated on MAC and beige mice [280].
The oral infectious dose for M. avium as summarized
by Rusin et al. [281] is 10°-107 for mice. As shown
above, a uniform distribution of EM cannot be given be-
cause their presence is depending on the DWDS itself.

It is clear that a MRA cannot be completed without
the knowledge of fundamental parameters such as the
infectious dose, daily intake or exposure. This explains
why almost no MRAs applied to EM are available until
today. In the risk assessment of Pankhurst [282], EM in
DUWLSs were considered as an overall low level of risk

for healthy patients and staff. In a quantitative MRA, it
was shown that biofilm detachment and the interaction
of Legionella with acanthamoebae were two important
ecological factors that increased the risk of legionellosis
[283]. Because the ecology of EM and Legionella spp.
shows interfaces, these parameters need to be taken into
consideration as well in the set-up of an MRA.

6. Pseudo-infection diagnosis

Pseudo-infection diagnoses are false-positive cases
exogenous to clinical samples, often traced to contami-
nation which can occur at any stage in the laboratory
procedure (sampling, transport, analysis) [284]. Because
tap water can contain EM, it has been advised that pa-
tients may not rinse their mouths or gargle with tap
water before sputum collection [77]. Furthermore,
mouth rinsing with sterile water immediately before
sputum expectoration or avoiding consumption of tap
water and iced beverages for several hours before
expectoration can be taken into consideration [77].
However, since sterilized water can contain dead myco-
bacteria, it is even recommended to filter the water in
order to remove the cells [285]. In this way, false—posi-
tive results after cell staining are avoided. Stine et al.
[54] suggested carrying out an in-line filtration of the
water supply chain, with monthly filter changes, when
water is used for obtaining and/or processing diagnostic
specimens. Cooke et al. [286] recommended that a true
bacterial 0.2 um final filter should be used rather than a
0.2 um particulate filter. Changing the filter at periodic
time is absolutely necessary. Dizon et al. [287] showed
that a deionizer filter was colonized with M. gordonae
and subsequently contaminated deionized water which
was used to prepare laboratory solutions. A similar
observation was found by Kelly [285] and Heelan
[288] who detected M. gordonae and M. gordonae and
MAC, respectively, in distilled water prepared at the
laboratory.

Pseudo-infection diagnoses may give rise to wrong
conclusions followed by unnecessary chemotherapy.
Clusters of pseudo-infections lead to pseudo-outbreaks
or pseudo-epidemics.

7. Prevention of mycobacterial regrowth in DWDSs

It is clear that due to the size and complexity of a
public water distribution network, the presence of EM
cannot be fully excluded. Therefore, a step-by-step ap-
proach must be used in order to minimize the growth
conditions of EM. This reduction has to occur at each
level of the drinking water production and distribution
chain. In addition, special treatment of drinking water
can be considered in case of special patient groups.
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General measures to control biofilm development are
focussed on nutrient control, control of contamination
from materials and equipment, control of mitigation
of system hydraulic problems, cross-connection control
and backflow prevention, disinfectant residuals and cor-
rosion control [129]. In a model distribution system, it
was demonstrated that reducing the biodegradable or-
ganic material in the water, control of corrosion of pipe
material, maintenance of an effective disinfectant resid-
ual, and management of hot water temperatures can de-
crease the occurrence of M. avium [142]. Removal of
nutrients and maintenance of a chlorine residual may
be considered as the most important measures to mini-
mize biofilm formation in drinking water systems. This
section will discuss a number of suitable measures to re-
duce the mycobacterial regrowth in DWDSs.

7.1. Processing of the water

The source of the water can either be groundwater or
surface water (e.g., from a river or lake). Because surface
water is often more polluted than groundwater, more
stringent treatments are needed such as coagulation,
sedimentation, ozonation, sand filtration and granular
activated carbon filtration in order to remove or break-
down pollutants.

Raw water densities of acid-fast organisms (no dis-
tinction between Mycobacterium spp. and other acid-
fast bacilli such as Nocardia spp. was made) correlated
with the level of raw water turbidity [289]. The positive
association between M. avium CFU and raw source
water turbidity suggested that M. avium cells were
bound to colloidal or suspended particles [35]. There-
fore, one approach to reduce the numbers of mycobac-
teria in drinking water would be the reduction of the
particle count and turbidity of the raw water [290].

Treatment processes reduced the number of slowly
growing Mycobacterium spp. (i.e., plant effluent CFU/
raw source water CFU) with almost 2 log units (1.98),
with a range of 1.96-4 log units, in five surface water
systems [35]. Similar results were obtained by Le Dantec
et al. [36], who showed that both rapid sand filtration
and slow sand filtration removed mycobacteria. The
number of mycobacteria was, however, higher after ra-
pid sand filtration. No mycobacteria were found in most
samples at the end of the water treatment processes,
indicating that mycobacteria were efficiently removed
from the raw water [36]. EM were more frequently de-
tected in biofilms from bank-filtered drinking water than
in biofilms from drinking water conditioned from
ground water [32]. A higher mycobacterial count was
found in systems using surface water and applying ozon-
ation as an intermediate treatment or posttreatment
than those distributing non-ozonated surface water,
ground water, or mixed water [41].

7.2. Disinfection

Drinking water is disinfected through addition of
chemicals (e.g., chlorine, sodium hypochlorite, chlora-
mine, chlorine dioxide, ozone) to the water or by apply-
ing physical treatments (UV-irradiation or ionizing
radiation) in order to reduce the survival and growth
of microorganisms. The maintenance of a high residual
concentration of disinfectants is obtained by prevention
of corrosion and a low organic level in the drinking
water.

Chlorination is the most common disinfection method
and most chlorine-releasing agents are considered as
mycobacteriocidal [291]. However, due to the complex
cell wall, mycobacteria are quite resistant to several dis-
infectants. M. chelonae and M. fortuitum grown in com-
mercial sterile distilled water were markedly resistant to
chlorine, with up to 60% survivors at 60 min of exposure
to 0.3 pg of free chlorine ml~" and up to 2% survivors at
60 min of exposure to 0.7 pg of free chlorine ml~' [143].
More than 80% survival was noticed for M. chelonae,
M. fortuitum, M. gordonae, and M. scrofulaceum
after 10 min exposure to 0.2 pg free chlorine ml™' in a
suspension test [292]. Free chlorine concentrations of
1.0mg 17" eliminated all the mycobacterial cultures
(MAC, M. chelonae, M. fortuitum, M. gordonae, M.
intracellulare, and M. kansasii; reported reduction of
100.000 CFU) tested within 8 hours of exposure whereas
a concentration of 0.15 mg 17! had virtually no bacteri-
cidal effect [293]. M. avium survived an exposure to chlo-
rine at 4mg 1”' for 60 min [294]. Susceptibility tests
under standardized conditions have shown high chlorine
resistance in comparison to E. coli. Chlorine CTyg g,
(concentration multiplied by the time required for
99.9% inactivation) values of 51 to 204 mg x min x 17!
for M. avium are 580 to 2300 times higher than those
for E. coli [295]. CTy9.90, values of 100 and 135 mg x
min x 17! for M. chelonae and M. fortuitum, respectively,
were calculated when cells were grown in 7H9 Middle-
brook broth and tests were performed at pH 7 and
23 °C [296]. M. aurum and M. gordonae were 100 and
330 times more resistant to chlorine than E. coli, respec-
tively [296]. The resistance of mycobacteria to chlorine,
expressed as the k value (liters per minute per milli-
gram), was as follows: M. fortuitum (0.02) > M. chelonae
(0.03) > M. gordonae (0.09) > M. aurum (0.19) [296].
These data indicate that M. chelonae and M. fortuitum
were more resistant whereas M. aurum appeared to be
the most susceptible mycobacterial species to chlorine.
Le Dantec et al. [296] calculated that a chlorination of
0.5mg 1" chlorine for 2 h could eliminate over 5 log
units of M. aurum, 4 log units of M. gordonae, but only
1.5 log units of M. fortuitum or M. chelonae. Falkinham
IIT [297] observed that the chlorine susceptibility of
M. avium and M. intracellulare were similar whereas
M. scrofulaceum was approximately threefold more
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sensitive. Other factors that may influence chlorine sus-
ceptibility, are growth stage, growth rate, colony type,
oxygen concentration, and growth temperature as ob-
served for M. avium or M. intracellulare [297]. More-
over, Falkinham III [297] suggested that drinking
water treatment with chlorine selects for transparant
and unpigmented variants of M. avium and M. intracel-
lulare because these variants are more resistant to chlo-
rine, probably because they grow more slowly and are
more hydrophobic than the isogenic opaque and pig-
mented strains. Mycobacteria grown in water were more
resistant to chlorine than cells grown in culture medium
[295,296]. Taylor et al. [295] suggested that a slower
growth rate was responsible for a higher chlorine resis-
tance. Chlorine dioxide was a better mycobacterial dis-
infectant than chlorine at equal concentrations. All
tests mentioned above are mainly suspension tests, and
it has been shown that the mycobactericidal efficacy of
chlorine in suspension tests differs from carrier tests,
with a lower efficacy noticed for carrier tests [298].

It can be assumed that mycobacteria in biofilms may
be more protected from biocides than free-living cells.
Key mechanisms of biofilm resistance to antimicrobial
compounds include physical or chemical diffusion bar-
riers (e.g., glycocalyx, exopolysaccharide matrix, waste
products), slow growth of the biofilm owing to nutrient
limitation, activation of the general stress response and
the emergence of a biofilm-specific phenotype [179]. A
concentration of 0.6 mg 1™! free chlorine had no effect
while 10 mg 17! free chlorine inactivated a mycobacte-
rial biofilm of 10° CFU cm 2 [164]. The minimum bio-
film eradication concentration (MBEC) was defined as
the minimum concentration of the biocide in which
there is no bacterial (biofilm) growth. A MBEC after
30 min for sodium hypochlorite of 26 mg 17!, 125 mg
1! and 2000 mg 1= was found for M. marinum, M.
phlei and M. fortuitum, respectively [169,170]. After
120 min, the MBEC was 26mg 17!, 63mg 1! and
500 mg 17! for M. marinum, M. phlei and M. fortuitum,
respectively.

EM were recovered from drinking water samples with
free chlorine levels up to 2.5mg 17! and total chlorine
levels of 2.8 mg 1™'; the mean free chlorine level of the
EM positive drinking water samples was 0.7 mg 1~
[33]. Steadham [21] isolated M. gordonae from a potable
water sample having a total chlorine level of 1.3 mg 17"
EM were isolated from sites where the chlorine residual
was >3.0 mg 17! [40]. On the other hand, EM were not
found in samples where the concentration of residual
chlorine was higher than 0.5 mg 17! [34]. In conclusion,
these data show that insights obtained from (standard-
ized) laboratory experiments do not necessarily reflect
the situation to drinking-water supplies and that several
environmental conditions (e.g., pH, temperature, chlo-
rine decay, etc.) have an impact on the disinfection
efficiency.

Chlorine was an effective disinfectant on non-cor-
roded surfaces (copper and PVC) while monochloramine
controlled bacterial levels better on corroded iron pipe
surfaces [142]. An increase in Mycobacterium-positive
samples was noticed when the disinfection regime was
switched from chlorine toward chloramine [40].

7.3. Choice of the pipe construction material

Several materials are being used as piping material,
including asbestos-cement, cement, iron, steel, lead, cop-
per, polyethylene and polyvinyl chloride. A polyvinyl
chloride (PVC) pipe would be recommended over iron
or cement piping in order to limit bacterial regrowth
and corrosion in a distribution system [134]. This recom-
mendation was supported by one study, in which the
number of EM in drinking water was significantly re-
duced by replacement of an old water distribution net-
work using plastic pipes [34]. The results of Falkinham
III et al. [35] did not confirm this observation and
showed that the material supporting the biofilms did
not significantly affect the frequency of recovery of
mycobacteria. Mycobacteria were recovered from bio-
films growing on brass or bronze (63%), galvanized
(100%) or plastic (64%) surfaces, and M. intracellulare
was isolated from 25% of brass or bronze, 43% of plastic
surfaces but not from galvanized surfaces. It should be
emphasized that the study of Tsintzou et al. [34] was
conducted within 18 months after replacement, so it is
possible that EM did not have the time to colonize the
surface of the inner pipe wall.

In general, it can be accepted that old, corroded pip-
ing systems, containing dead ends and spaces favour
(myco)bacterial growth. Regular inspection of the pipes
and their replacement if necessary, are measures that
should be considered.

8. Special measures

Although control factors such as reduction of the
nutrient level of the water, removal of mycobacteria
during sand filtration, and maintenance of a residual
disinfectant level will result in a reduction or (tempo-
rary) elimination of the EM, it cannot be avoided that
EM enter and proliferate in the DWDS (see Section
3). Other additional control factors which may be con-
sidered are heat inactivation and monitoring of the tap
water quality in order to avoid nosocomial infections.

8.1. Heat inactivation

The heat resistance of bacteria is often expressed by
means of the D value. The D value or thermal reduction
time is the time to reduce 90% of the microbial popula-
tion at a set temperature and under well-described
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conditions. In general, the D value depends on many
factors such as the temperature, the metabolic state of
the microorganism (vegetative cells or spores), species
and strain, age of the cells, growth conditions of the
microorganism before and after heat treatment, the
composition of the heating medium containing the
microorganism, and the processing conditions of heat-
ing (batch or continuous flow). Therefore, it is necessary
to record as many of these parameters as possible in or-
der to correctly compare the different D values reported
in literature. Dgs values of 4 min or less and D, values
of 1.5 min or less were found for MAC (swine and hu-
man isolates) in phosphate buffer [299]. Schulze-R&b-
becke and Buchholtz [300] found a Ds, value of
almost 17 h for M. avium DSM 43216 in sterile water
with standardized hardness. At 55°C, a D value of
approximately 6 h and 53.5 min was found for M. xen-
opi NCTC 10042 and M. avium DSM 43216, respec-
tively. The D¢y value for M. avium DSM 43216 was
4 min. M. xenopi NCTC 10042 was the most heat-resis-
tant strain, having a D¢y value and Do value of 33 min
and approx. 23s, respectively. Notably, the Ilatter
authors performed heat susceptibility tests mainly on
laboratory strains. One water isolate of M. kansasii
showed no pronounced differences in heat susceptibility
in comparison with M. kansassii DSM 43224. Possibly,
wild strains that are adapted to grow and survive in
more stressful conditions (e.g., in biofilms in the neigh-
bourhood of water boilers or hot water tanks) may exhi-
bit a higher heat resistance. Two strains of M. avium and
L. pneumophila were killed within 3 min during exposure
to hot water at 70 °C [294]. This is in accordance with
the results of Schulze-Rébbecke and Buchholtz [300],
who found a D,y value forM. avium of 2.3 s. Schulze-
Robbecke and Buchholtz [300] concluded from their
heat resistance study that thermal measures to control
L. pneumophila may not be sufficient to control
M. avium, M. chelonae, M. phlei, M. scrofulaceum and
M. xenopi in contaminated water systems. In order to
reduce the presence of legionellae in hot water distribu-
tion systems, it is recommended that hot water should
be stored at 60 °C and distributed such that a tempera-
ture of at least 50 °C and preferably 55 °C is achieved
within one minute at outlets [301]. However, it may be
expected that the heat and flush method to eradicate
Legionella spp. will also result in a dramatic reduction
of EM, taking into account that several species do not
tolerate temperatures >60 °C for several minutes. Draw-
backs of the latter method include the risk of scalding
and the fact that it is time consuming.

Norton et al. [142] showed that the effectiveness of the
heat treatment depended upon the pipe material, the le-
vel of nutrients, and the effluent temperature. Hot water
(>50 °C), in combination with copper pipes and a low-
nutrient content influenced M. avium biofilm formation
significantly in a model distribution system [142].

8.2. Monitoring the water quality of bronchoscope and
endoscope washers

Special attention is paid to the effective disinfection of
endoscopes and bronchoscopes during which alkaline
glutaraldehyde is widely used. EM are generally more
resistant to disinfectants than M. tuberculosis. It may
be assumed that repeated exposure of EM to disinfec-
tants may select for organisms with decreased suscepti-
bility. Griffiths et al. [302] showed that M. chelonae
subsp. chelonae NCTC 946" was more susceptible than
two endoscope washer disinfector isolates. A 5 log
reduction was achieved when NCTC 946 was exposed
for 1 min to 2% glutaraldehyde, while 60 min exposure
was insufficient to achieve a >5 log reduction for the dis-
infector isolates. Griffiths et al. [302] recommended to
disinfect machines with an agent 10,000 mg1~! free chlo-
rine followed by sessional disinfection with 1000 mg 17!
available chlorine, on the condition that the apparatus is
not damaged through such high concentrations. High
concentrations of free chlorine can be achieved by chlo-
rine releasing agents such as sodium dichloroisocyanu-
rate [303]. Special attention should go to cleaning of
endoscopes and bronchoscopes in such a way that or-
ganic matter (e.g., blood, faeces, and respiratory secre-
tions) must be removed before disinfection.
Disinfection should be followed by thorough rinsing
with sterile water instead of tap water. Several medical
societies have edited guidelines for processing endo-
scopes and bronchoscopes [304-306].

9. Conclusions

EM are often isolated from potable water and can be
considered as common inhabitants of public and hospi-
tal drinking water distribution systems. It is important
to realize that each DWDS harbours its own (myco)bac-
terial flora as a result of the specific physico-chemical
and microbiological properties of the water (including
raw water and treated water), and the specific construc-
tion and condition of the DWDS. The complex cell wall
is responsible for the relative resistance of EM to disin-
fectants such as chlorine, and some Mycobacterium spp.
are resistant to or even multiply at high temperatures. In
combination with other properties such as association or
growth in biofilms and protozoa, EM seem difficult to
eradicate from water distribution systems. Although
most attention has been paid to M. avium, the ecology
and health risk of other EM should not be neglected.

There still exists controversy about the public health
significance and potential health risk of EM in drinking
water. In case of severely ill or immunocompromised pa-
tients, reduction of exposure to EM in drinking water
can be considered, but does not provide an absolute
guarantee for prevention of infection. In this regard, a
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number of simple safety measures including sterilization
of water before consumption and washing instead of
showering may already significantly reduce the risk of
EM-associated infections. Regular inspection of shower
heads is recommended because EM are often isolated
from shower water samples, and special attention should
go to the hygiene of clinical devices (e.g., bronchoscope
washers) where EM can be concentrated due to (re)-
growth and biofilm formation. For this reason, regular
inspection of devices and replacements of sensitive parts
of the medical equipment are highly recommended. If
possible, hyperchlorination is applied at regular times.
Contamination of medical instruments with EM after
rinsing with tap water is not uncommon, and therefore
rinsing water should be sterilized. Filtration of water
in order to remove (dead) acid-fast bacteria will avoid
false-positive results during microscopic investigation
or PCR-amplification. Sterilized water should be pre-
pared freshly because reservoirs (bottles, tubes, etc.)
can become contaminated over time.

Molecular typing methods are excellent tools to trace
back sources of EM contamination, but need to better
integrated in epidemiological surveys. To this end, the
construction of a database for central storage of molec-
ular fingerprints, and well-structured data management
are necessary for the early recognition of pseudo-infec-
tions or nosocomial outbreaks. Likewise, incorporation
of EM as a group of target organisms in surveillance
programs is recommended in order to obtain a better
understanding of their health impact.

Further research needs to focus on mechanisms of
biofilm formation and methods to prevent their develop-
ment or enable their removal. A standardized method to
investigate bulk water and biofilms needs to be devel-
oped in order to obtain a better insight in the mycobac-
terial species diversity and load of drinking water. Data
obtained through risk assessments can be used to set
guidelines for health workers. For this purpose, better
insights in the distribution of EM in the DWDSs, their
daily intake or exposure, the main routes of exposure,
and the infectious dose of the most clinically relevant
species (M. avium, M. kansasii, and M. xenopi) are nec-
essary to sustain a MRA.

In case EM in drinking water present a noticeable
health risk, redefinition of the microbiological quality
standards for drinking water needs to be considered.

Acknowledgements

The authors thank Prof. Dr. S.R. Pattyn, Miriam
Eddyani and Patrick Suykerbuyk for critical reading
of the manuscript. G.H. is a postdoctoral fellow of the
Fund for Scientific Research — Flanders (Belgium)
(FWO - Vlaanderen).

References

[1] Portaels, F. (1995) Epidemiology of mycobacterial diseases. Clin.
Dermatol. 13, 207-222.

[2] Falkinham III, J.O. (2002) Nontuberculous mycobacteria in the
environment. Clin. Chest Med. 23, 529-551.

[3] Wolinsky, E. (1979) Nontuberculous mycobacteria and associ-
ated diseases. Am. Rev. Respir. Dis. 119, 107-159.

[4] Wayne, L.G. and Sramek, H.A. (1992) Agents of newly
recognized or infrequently encountered mycobacterial diseases.
Clin. Microbiol. Rev. 5, 1-25.

[5] Wolinsky, E. (1992) Mycobacterial diseases other than tubercu-
losis. Clin. Infect. Dis. 15, 1-10.

[6] Inderlied, C.B., Kemper, C.A. and Bermudez, L.E.M. (1993)
The Mycobacterium avium complex. Clin. Microbiol. Rev. 6,
266-310.

[7] Falkinham III, J.O. (1996) Epidemiology of infection by
nontuberculous mycobacteria. Clin. Microbiol. Rev. 9, 177-215.

[8] American Thoracic Society (1997) Diagnosis and treatment of
disease caused by nontuberculous mycobacteria. Am. J. Respir.
Crit. Care Med. 156, S1-S25.

[9] Pozniak, A. and Bull, T. (1999) Recently recognized mycobac-
teria of clinical significance. J. Infect. 38, 157-161.

[10] Brown-Elliott, B.A. and Wallace Jr., R.J. (2002) Clinical and
taxonomic status of pathogenic nonpigmented or late-pigment-
ing rapidly growing mycobacteria. Clin. Microbiol. Rev. 15,
716-746.

[11] Tortoli, E. (2003) Impact of genotypic studies on mycobacterial
taxonomy: the new mycobacteria of the 1990s. Clin. Microbiol.
Rev. 16, 319-354.

[12] Prince, D.S., Peterson, D.D., Steiner, R.M., Gottlieb, J.E., Scott,
R., Israel, H.L., Figueroa, W.G. and Fish, J.E. (1989) Infection
with Mycobacterium avium complex in patients without predis-
posing conditions. N. Engl. J. Med. 321, 863-868.

[13] Field, S.K., Fisher, D. and Cowie, R.L. (2004) Mycobacterium
avium complex pulmonary disease in patients without HIV
infection. Chest 126, 566-581.

[14] Fraser, V. and Wallace Jr., R.J. (1996) Nontuberculous myco-
bacteria In: Hospital Epidemiology and Infection Control
(Mayhall, C.G., Ed.), pp. 1224-1237. Williams & Wilkins,
Baltimore, Md.

[15] Wallace, R.J., Jr, Brown, B.A. and Griffith, D.E. (1998)
Nosocomial outbreaks/pseudo-outbreaks caused by nontuber-
culous mycobacteria. Annu. Rev. Microbiol. 52, 453-490.

[16] Phillips, M.S. and von Reyn, C.F. (2001) Nosocomial infections
due to nontuberculous mycobacteria. Clin. Infect. Dis. 33, 1363~
1374.

[17] Collins, C.H., Grange, J.M. and Yates, M.D. (1984) Mycobac-
teria in water — a review. J. Appl. Bacteriol. 57, 193-211.

[18] Bailey, R.K., Wyles, S., Dingley, M., Hesse, F. and Kent, G.W.
(1970) The isolation of high catalase Mycobacterium kansasii
from tap water. Am. Rev. Respir. Dis. 101, 430-431.

[19] Dailloux, M., Hartemann, P. and Beurey, J. (1980) Study on the
relationship between isolation of mycobacteria and classical
microbiological and chemical indicators of water quality in
swimming pools. Zentralbl. Bakteriol. Hyg. [B] 171, 473-486.

[20] Engel, H.W.B., Berwald, L.G. and Havelaar, A.H. (1980) The
occurrence of Mycobacterium kansasii in tapwater. Tubercle 61,
21-26.

[21] Steadham, J.E. (1980) High-catalase strains of Mycobacterium
kansasii isolated from water in Texas. J. Clin. Microbiol. 11,
496-498.

[22] Kaustova, J., Olsovsky, Z., Kubin, M., Zatloukal, O., Pelikan,
M. and Hradil, V. (1981) Endemic occurrence of Mycobacterium
kansasii in water-supply systems. J. Hyg. Epidemiol. Microbiol.
Immunol. 25, 24-30.



926 M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934

[23] Powell Jr., B.L. and Steadham, J.E. (1981) Improved technique
for isolation of Mycobacterium kansasii from water. J. Clin.
Microbiol. 13, 969-975.

[24] Mankiewicz, E. and Majdaniw, O. (1982) Atypical mycobacteria
in tapwater. Can. J. Public Health 73, 358-360.

[25] Bourbigot, M.M., Dodin, A. and Lheritier, R. (1984) La flore
bactérienne dans un réseau de distribution. Water Res. 18, 585—
591.

[26] Bolan, G., Reingold, A.L., Carson, L.A., Silcox, V.A., Woodley,
C.L., Hayes, P.S., Hightower, A.W., McFarland, L., Brown III,
J.W., Petersen, N.J., Favero, M.S., Good, R.C. and Broome,
C.V. (1985) Infections with Mycobacterium chelonei in patients
receiving dialysis and using processed hemodialyzers. J. Infect.
Dis. 152, 1013-1019.

[27] du Moulin, G.C., Sherman, I.H., Hoaglin, D.C. and Stottmeier,
K.D. (1985) Mycobacterium avium complex, an emerging path-
ogen in Massachusetts. J. Clin. Microbiol. 22, 9-12.

[28] Havelaar, A.H., Berwald, L.G., Groothuis, D.G. and Baas, J.G.
(1985) Mycobacteria in semi-public swimming-pools and whirl-
pools. Zentralbl. Bakteriol. Hyg. [B] 180, 505-514.

[29] Carson, L.A., Bland, L.A., Cusick, L.B., Favero, M.S., Bolan,
G.A., Reingold, A.L. and Good, R.C. (1988) Prevalence of
nontuberculous mycobacteria in water supplies of hemodialysis
centers. Appl. Environ. Microbiol. 54, 3122-3125.

[30] von Reyn, C.F., Waddell, R.D., Eaton, T., Arbeit, R.D.,
Maslow, J.N., Barber, T.W., Brindle, R.J., Gilks, C.F., Lumio,
J., Lihdevirta, J., Ranki, A., Dawson, D. and Falkinham III,
J.O. (1993) Isolation of Mycobacterium avium complex from
water in the United States, Finland, Zaire, and Kenya. J. Clin.
Microbiol. 31, 3227-3230.

[31] Kubalek, I. and Komenda, S. (1995) Seasonal variations in the
occurrence of environmental mycobacteria in potable water.
APMIS 103, 327-330.

[32] Schwartz, T., Kalmbach, S., Hoffman, S., Szewzyk, U. and Obst,
U. (1998) PCR-based detection of mycobacteria in biofilms from
a drinking water distribution system. J. Microbiol. Methods 34,
113-123.

[33] Covert, T.C., Rodgers, M.R., Reyes, A.L. and Stelma Jr., G.N.
(1999) Occurrence of nontuberculous mycobacteria in environ-
mental samples. Appl. Environ. Microbiol. 65, 2492-2496.

[34] Tsintzou, A., Vantarakis, A., Pagonopoulou, O., Athanassia-
dou, A. and Papapetropoulou, M. (2000) Environmental myco-
bacteria in drinking water before and after replacement of the
water distribution network. Water, Air, and Soil Pollut. 120,
273-282.

[35] Falkinham III, J.O., Norton, C.D. and LeChevallier, M.W.
(2001) Factors influencing numbers of Mycobacterium avium,
Mycobacterium intracellulare, and other mycobacteria in drink-
ing water distribution systems. Appl. Environ. Microbiol. 67,
1225-1231.

[36] Le Dantec, C., Duguet, J.-P., Montiel, A., Dumoutier, N.,
Dubrou, S. and Vincent, V. (2002) Occurrence of mycobacteria
in water treatment lines and in water distribution systems. Appl.
Environ. Microbiol. 68, 5318-5325.

[37] Meunier, O., Oster, J.L., Rousée, J.M., Georges, S., Hernandez,
C. and Bientz, M. (2003) Non-tuberculous mycobacteria and
home aquariums — letter to the editor. J. Hosp. Infect. 55, 80-81.

[38] Schwartz, T., Hoffmann, S. and Obst, U. (2003) Formation of
natural biofilms during chlorine dioxide and u.v. disinfection in a
public drinking water distribution system. J. Appl. Microbiol.
95, 591-601.

[39] Emtiazi, F., Schwartz, T., Marten, S.M., Krolla-Sidenstein, P.
and Obst, U. (2004) Investigation of natural biofilms formed
during the production of drinking water from surface water
embankment filtration. Water Res. 38, 1197-1206.

[40] Pryor, M., Springthorpe, S., Riffard, S., Brooks, T., Huo, Y.,
Davis, G. and Sattar, S.A. (2004) Investigation of opportunistic

pathogens in municipal drinking water under different supply
and treatment regimes. Water Sci. Technol. 50, 83-90.

[41] Torvinen, E., Suomalainen, S., Lehtola, M.J., Miettinen, 1.T.,
Zacheus, O., Paulin, L., Katila, M.-L. and Martikainen, P.J.
(2004) Mycobacteria in water and loose deposits of drinking
water distribution systems in Finland. Appl. Environ. Microbiol.
70, 1973-1981.

[42] (a) Kawai, M., Yamagishi, J., Yamaguchi, N., Tani, K. and
Nasu, M. (2004) Bacterial population dynamics and community
structure in a pharmaceutical manufacturing water supply
system determined by real-time PCR and PCR-denaturing
grandient gel electrophoresis. J. Appl. Microbiol. 97, 1123-
1131. (b) September, S.M., Brozel, V.S. and Venter, S.N. (2004)
Diversity of nontuberculoid Mycobacterium species in biofilms
of urban and semiurban drinking water distribution systems.
Appl. Environ. Microbiol. 70, 7571-7573.

[43] Bullin, C.H., Tanner, E.I. and Collins, C.H. (1970) Isolation of
Mycobacterium xenopei from water taps. J. Hyg., Camb. 68, 97—
100.

[44] Mills, C.C. (1972) Occurrence of Mycobacterium other than
Mpycobacterium tuberculosis in the oral cavity and in sputum.
Appl. Microbiol. 24, 307-310.

[45] McSwiggan, D.A. and Collins, C.H. (1974) The isolation of M.
kansasii and M. xenopi from water systems. Tubercle 55, 291—
297.

[46] Gross, W.M., Hawkins, J.E. and Murphy, D.B. (1975) Origin
and significance of Mycobacterium xenopi in clinical specimens I
Water as a source of contamination. Bull. Int. Union Tuberc. 51,
267-269.

[47] Gangadharam, P.R.J., Lockhart, J.A., Awe, R.J. and Jenkins,
D.E. (1976) Mycobacterial contamination through tap water — to
the editor. Am. Rev. Respir. Dis. 113, 894.

[48] Maniar, A.C. and Vanbuckenhout, L.R. (1976) Mycobacterium
kansasii from an environmental source. Can. J. Public Health 67,
59-60.

[49] Costrini, A.M., Mahler, D.A., Gross, W.M., Hawkins, J.E.,
Yesner, R. and D’Esopo, N.D. (1981) Clinical and roentgeno-
graphic features of nosocomial pulmonary disease due to
Mpycobacterium xenopi. Am. Rev. Respir. Dis. 123, 104-109.

[50] Band, J.D., Ward, J.I., Fraser, D.W., Peterson, N.J., Silcox,
V.A., Good, R.C., Ostroy, P.R. and Kennedy, J. (1982)
Peritonitis due to Mycobacterium chelonei-like organism associ-
ated with intermittent chronic peritoneal dialysis. J. Infect. Dis.
145, 9-17.

[51] Kuritsky, J.N., Bullen, M.G., Broome, C.V., Silcox, V.A., Good,
R.C. and Wallace Jr., R.J. (1983) Sternal wound infections and
endocarditis due to organisms of the Mycobacterium fortuitum
complex. Ann. Intern. Med. 98, 938-939.

[52] Lévy-Frébault, V. and David, H.L. (1983) Mycobacterium
kansasii: contaminant du réseau d’eau potable d’un hopital.
Rev. Epidém. et Santé Publ. 31, 11-20.

[53] Wright, E.P., Collins, C.H. and Yates, M.D. (1985) Mycobac-
terium xenopi and Mycobacterium kansasii in a hospital water
supply. J. Hosp. Infect. 6, 175-178.

[54] Stine, T.M., Harris, A.A., Levin, S., Rivera, N. and Kaplan,
R.L. (1987) A pseudoepidemic due to atypical mycobacteria in a
hospital water supply. JAMA 258, 809-811.

[55] du Moulin, G.C., Stottmeier, K.D., Pelletier, P.A., Tsang, A.Y.
and Hedley-Whyte, J. (1988) Concentration of Mycobacterium
avium by hospital hot water systems. JAMA 260, 1599-1601.

[56] Graham Jr., L., Warren, N.G., Tsang, A.Y. and Dalton, H.P.
(1988) Mycobacterium avium complex pseudobacteriuria from a
hospital water supply. J. Clin. Microbiol. 26, 1034-1036.

[57] Laussucq, S., Baltch, A.L., Smith, R.P., Smithwick, R.W.,
Davis, B.J., Desjardin, E.K., Silcox, V.A., Spellacy, A.B.,
Zeimis, R.T., Gruft, HM., Good, R.C. and Cohen, M.L.
(1988) Nosocomial Mycobacterium fortuitum colonization from



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(68]

[69]

[70]

[71]

[72]

M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934 927

a contaminated ice machine. Am. Rev. Respir. Dis. 138, 891-
894.

Lockwood, W.W., Friedman, C., Bus, N., Pierson, C. and
Gaynes, R. (1989) An outbreak of Mycobacterium terrae in
clinical specimens associated with a hospital potable water
supply. Am. Rev. Respir. Dis. 140, 1614-1617.

Lowry, P.W., Beck-Sague, C.M., Bland, L.A., Aguero, S.M.,
Arduino, M.J., Minuth, A.N., Murray, R.A., Swenson, J.M. and
Jarvis, W.R. (1990) Mycobacterium chelonae infection among
patients receiving high-flux dialysis in a hemodialysis clinic in
California. J. Infect. Dis. 161, 85-90.

Nye, K., Chadha, D.K., Hodgkin, P., Bradley, C., Hancox,
J. and Wise, R. (1990) Mpycobacterium chelonei isolation
from broncho-alveolar lavage fluid and its practical impli-
cations. J. Hosp. Infect. 16, 257-261.

Burns, D.N., Wallace Jr., R.J., Schultz, M.E., Zhang, Y.,
Zubairi, S.Q., Pang, Y., Gibert, C.L., Brown, B.A., Noel, E.S.
and Gordin, F.M. (1991) Nosocomial outbreak of respiratory
tract colonization with Mycobacterium fortuitum: demonstration
of the usefulness of pulsed-field gel electrophoresis in an
epidemiological investigation. Am. Rev. Respir. Dis. 144,
1153-1159.

Dailloux, M. and Blech, M.-F. (1992) Les mycobactéries de I'eau
représentent-elles un risque infectieux pour les sujets immuno-
déprimés? Agressologie 33, 84-86.

Fox, C., Smith, B., Brogan, O., Rayner, A., Harris, G. and Watt,
B. (1992) Non-tuberculous mycobacteria in a hospital’s piped
water supply — letter to the editor. J. Hosp. Infect. 21, 152-154.
Fraser, V.J., Jones, M., Murray, P.R., Medoff, G., Zhang, Y.
and Wallace Jr., R.J. (1992) Contamination of flexible fiberoptic
bronchoscopes with Mycobacterium chelonae linked to an
automated bronchoscope disinfection machine. Am. Rev.
Respir. Dis. 145, 853-855.

Sniadack, D.H., Ostroff, S.M., Karlix, M.A., Smithwick, R.-W.,
Schwartz, B., Sprauer, M.A., Silcox, V.A. and Good, R.C.
(1993) A nosocomial pseudo-outbreak of Mycobacterium xenopi
due to a contaminated potable water supply: lessons in preven-
tion. Infect. Control Hosp. Epidemiol. 14, 636-641.

Bennett, S.N., Peterson, D.E., Johnson, D.R., Hall, W.N.,
Robinson-Dunn, B. and Dietrich, S. (1994) Bronchoscopy-
associated Mycobacterium xenopi pseudoinfections. Am. J.
Respir. Crit. Care Med. 150, 245-250.

Glover, N., Holtzman, A., Aronson, T., Froman, S., Berlin,
0.G.W., Dominguez, P., Kunkel, K.A., Overturf, G., Stelma Jr.,
G., Smith, C. and Yakrus, M. (1994) The isolation and
identification of Mycobacterium avium complex (MAC) recov-
ered from Los Angeles potable water, a possible source of
infection in AIDS patients. Int. J. Environ. Health Res. 4, 63-72.
von Reyn, C.F., Maslow, J.N., Barber, T.W., Falkinham III,
J.0. and Arbeit, R.D. (1994) Persistent colonisation of potable
water as a source of Mycobacterium avium infection in AIDS.
Lancet 343, 1137-1141.

Peters, M., Miiller, C., Riisch-Gerdes, S., Seidel, C., Gobel,
U., Pohle, H.D. and Ruf, B. (1995) Isolation of atypical
mycobacteria from tap water in hospitals and homes: is this a
possible source of disseminated MAC infection in AIDS
patients? J. Infect. 31, 39-44.

Picardeau, M., Prod’hom, G., Raskine, L., LePennec, M.P. and
Vincent, V. (1997) Genotypic characterization of five subspecies
of Mycobacterium kansasii. J. Clin. Microbiol. 35, 25-32.
Chadha, R., Grover, M., Sharma, A., Lakshmy, A., Deb, M.,
Kumar, A. and Mehta, G. (1998) An outbreak of post-surgical
wound infections due to Mycobacterium abscessus. Pediatr. Surg.
Int. 13, 406-410.

Vantarakis, A., Tsintzou, A., Diamandopoulos, A. and Papa-
petropoulou, M. (1998) Non-tuberculosis mycobacteria in hos-
pital water supplies. Water, Air, Soil Pollut. 104, 331-337.

(73]

74

(73]

[76]

71

(78]

(791

[80]

(81]

(82]

(83]

(84]

[83]

(36]

(871

(88]

Aronson, T., Holtzman, A., Glover, N., Boian, M., Froman, S.,
Berlin, O.G.W., Hill, H. and Stelma Jr., G. (1999) Comparison
of large restriction fragments of Mycobacterium avium isolates
recovered from AIDS and non-AIDS patients with those of
isolates from potable water. J. Clin. Microbiol. 37, 1008-1012.
Hillebrand-Haverkort, M.E., Kolk, A.H.J., Kox, L.F.F., Ten
Velden, JJ.AM. and Ten Veen, J.H. (1999) Generalized
Mpycobacterium genavense infection in HIV-infected patients:
detection of the mycobacterium in hospital tap water. Scand.
J. Infect. Dis. 31, 63-68.

Kauppinen, J., Nousiainen, T., Jantunen, E., Mattila, R. and
Katila, M.-L. (1999) Hospital water supply as a source of
disseminated Mycobacterium fortuitum infection in a leukemia
patient. Infect. Control Hosp. Epidemiol. 20, 343-345.

Ristola, M.A., von Reyn, C.F., Arbeit, R.D., Soini, H., Lumio,
J., Ranki, A., Biihler, S., Waddell, R., Tosteson, A.N.A.,
Falkinham III, J.O. and Sox, C.H. (1999) High rates of
disseminated infection due to non-tuberculous mycobacteria
among AIDS patients in Finland. J. Infect. 39, 61-67.

Arnow, P.M., Bakir, M., Thompson, K. and Bova, J.L. (2000)
Endemic contamination of clinical specimens by Mycobacterium
gordonae. Clin. Infect. Dis. 31, 472-476.

Astagneau, P., Desplaces, N., Vincent, V., Chicheportiche, V.,
Botherel, A.-H., Maugat, S., Lebascle, K., Léonard, P., Desen-
clos, J.C., Grosset, J., Ziza, J.-M. and Briicker, G. (2001)
Mycobacterium xenopi spinal infections after discovertebral
surgery: investigation and screening of a large outbreak. Lancet
358, 747-751.

Kusnetsov, J., Iivanainen, E., Elomaa, N., Zacheus, O. and
Martikainen, P.J. (2001) Copper and silver ions more effective
against legionellae than against mycobacteria in a hospital warm
water system. Water Res. 35, 4217-4225.

Lalande, V., Barbut, F., Varnerot, A., Febvre, M., Nesa, D.,
Wadel, S., Vincent, V. and Petit, J.-C. (2001) Pseudo-outbreak of
Mpycobacterium gordonae associated with water from refrigerated
fountains. J. Hosp. Infect. 48, 76-79.

Chang, C.-t., Wang, L.-y., Liao, C.-y. and Huang, S.-p. (2002)
Identification of nontuberculous mycobacteria existing in tap
water by PCR-restriction fragment length polymorphism. Appl.
Environ. Microbiol. 68, 3159-3161.

El Sahly, H.M., Septimus, E., Soini, H., Septimus, J., Wallace,
R.J., Pan, X., Williams-Bouyer, N., Musser, J.M. and Graviss,
E.A. (2002) Mycobacterium simiae pseudo-outbreak resulting
from a contaminated hospital water supply in Houston, Texas.
Clin. Infect. Dis. 35, 802-807.

Fujita, J., Nanki, N., Negayama, K., Tsutsui, S., Taminato, T.
and Ishida, T. (2002) Nosocomial contamination by Mycobac-
terium gordonae in hospital water supply and super-oxidized
water. J. Hosp. Infect. 51, 65-68.

LaBombardi, V.J., O’Brien, A.M. and Kislak, J.W. (2002)
Pseudo-outbreak of Mycobacterium fortuitum due to contami-
nated ice machines. Am. J. Infect. Control. 30, 184-186.
Rossetti, R., Lencioni, P., Innocenti, F. and Tortoli, E. (2002)
Pseudoepidemic from Mycobacterium gordonae due to a con-
taminated automatic bronchoscope washing machine. Am. J.
Infect. Control 30, 196-197.

Galassi, L., Donato, R., Tortoli, E., Burrini, D., Santianni, D.
and Dei, R. (2003) Nontuberculous mycobacteria in hospital
water systems: application of HPLC for environmental myco-
bacteria. J. Water Health 1, 133-139.

Kusnetsov, J., Torvinen, E., Perola, O., Nousiainen, T. and
Katila, M.-L. (2003) Colonization of hospital water systems by
legionellae, mycobacteria and other heterotrophic bacteria
potentially hazardous to risk group patients. APMIS 111, 546
556.

Sermet-Gaudelus, 1., Le Bourgeois, M., Pierre-Audigier, C.,
Offredo, C., Guillemot, D., Halley, S., Akoua-Koffi, C., Vincent,



928 M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934

V., Sivadon-Tardy, V., Ferroni, A., Berche, P., Scheinmann, P.,
Lenoir, G. and Gaillard, J.-L. (2003) Mycobacterium abscessus
and children with cystic fibrosis. Emerg. Infect. Dis. 9, 1587—
1591.

[89] Tobin-D’Angelo, M.J., Blass, M.A., del Rio, C., Halvosa, J.S.,
Blumberg, H.M. and Horsburgh Jr., C.R. (2004) Hospital water
as a source of Mpycobacterium avium complex isolates in
respiratory specimens. J. Infect. Dis. 189, 98-104.

[90] Goslee, S. and Wolinsky, E. (1976) Water as a source of
potentially pathogenic mycobacteria. Am. Rev. Respir. Dis. 113,
287-292.

[91] Alugupalli, S., Larsson, L., Slosarek, M. and JareSova, M.
(1992) Application of gas chromatography-mass spectrometry
for rapid detection of Mycobacterium xenopi in drinking water.
Appl. Environ. Microbiol. 58, 3538-3541.

[92] Schulze-Robbecke, R., Janning, B. and Fischeder, R. (1992)
Occurrence of mycobacteria in biofilm samples. Tubercle Lung
Dis. 73, 141-144.

93] Slosdrek, M., Kubin, M. and Jare$ova, M. (1993) Water-borne
household infections due to Mycobacterium xenopi. Centr. Eur.
J. Public Health 2, 78-80.

[94] Montecalvo, M.A., Forester, G., Tsang, A.Y., du Moulin, G.
and Wormser, G.P. (1994) Colonisation of potable water with
Mpycobacterium avium complex in homes of HIV-infected
patients. Lancet 343, 1639.

[95] Yajko, D.M., Chin, D.P., Gonzalez, P.C., Nassos, P.S., Hope-
well, P.C., Reingold, A.L., Horsburgh Jr., C.R., Yakrus, M.A.,
Ostroff, S.M. and Hadley, W.K. (1995) Mycobacterium avium
complex in water, food, and soil samples collected from the
environment of HIV-infected individuals. J. Acquir. Immune.
Defic. Syndr. Hum. Retrovirol. 9, 176-182.

[96] Alcaide, F., Richter, 1., Bernasconi, C., Springer, B., Hagenau,
C., Schulze-R&bbecke, R., Tortoli, E., Martin, R., Bottger, E.C.
and Telenti, A. (1997) Heterogeneity and clonality among
isolates of Mycobacterium kansasii: implications for epidemio-
logical and pathogenicity studies. J. Clin. Microbiol. 35, 1959—
1964.

[97] Dvorska, L., Bartos, M., Ostadal, O., Kaustova, J., Matlova, L.
and Pavlik, 1. (2002) IS/37] and IS/245 restriction fragment
length polymorphism analyses, serotypes, and drug susceptibil-
ities of Mycobacterium avium complex isolates obtained from a
human immunodeficiency virus-negative patient. J. Clin. Micro-
biol. 40, 3712-3719.

[98] von Reyn, C.F., Arbeit, R.D., Horsburgh, C.R., Ristola, M.A.,
Waddell, R.D., Tvaroha, S.M., Samore, M., Hirschhorn, L.R.,
Lumio, J., Lein, A.D., Grove, M.R. and Tosteson, A.N.A.
(2002) Sources of disseminated Mycobacterium avium infection
in AIDS. J. Infect. 44, 166-170.

[99] du Moulin, G.C. and Stottmeier, K.D. (1986) Waterborne
mycobacteria: an increasing threat to health. ASM News 52,
525-529.

[100] United States Environmental Protection Agency (US EPA)
(1998) Announcement of the drinking water contaminant
candidate list. FR 63(40), pp. 10273-10287, March 2.

[101] Szewzyk, U., Szewzyk, R., Manz, W. and Schleifer, K.-H. (2000)
Microbiological safety of drinking water. Annu. Rev. Microbiol.
54, 81-127.

[102] Theron, J. and Cloete, T.E. (2002) Emerging waterborne
infections: contributing factors, agents, and detection tools.
Crit. Rev. Microbiol. 28, 1-26.

[103] Leclerc, H., Schwartzbrod, L. and Dei-Cas, E. (2003) Microbial
agents associated with waterborne diseases. Crit. Rev. Micro-
biol. 28, 371-409.

[104] World Health Organization (WHO) (2004) Microbial fact sheets.
In: Guidelines for drinking-water quality — 3rd edn., vol. 1
(Recommendations), pp. 221-295. WHO, Geneva. Available
from: <http://www.who.int>.

[105] European Union (1998) Council Directive 98/83/EC of 3
November 1998 on the quality of water intended for human
consumption. Off. J. Eur. Commun. L 330, 32-54.

[106] Stinear, T., Ford, T. and Vincent, V. (2004) Analytical methods
for the detection of waterborne and environmental pathogenic
mycobacteria In: Pathogenic Mycobacteria in Water: a Guide to
Public Health Consequences, Monitoring and Management
(Pedley, S., Bartram, J., Rees, G., Dufour, A. and Cotruvo, J.,
Eds.), pp. 55-73. World Health Organization (WHO), IWA
Publishing, London.

[107] Neumann, M., Schulze-Robbecke, R., Hagenau, C. and
Behringer, K. (1997) Comparison of methods for isolation of
mycobacteria from water. Appl. Environ. Microbiol. 63, 547—
552.

[108] Wayne, L.G. and Kubica, G.P. (1986) The mycobacteria
(Sneath, P.H.A., Mair, N.S., Sharpe, M.E. and Holt, J.G.,
Eds.), Bergey’s Manual of Systematic Bacteriology, vol. 2, pp.
1435-1457. Williams & Wilkins, London.

[109] Butler, W.R. and Guthertz, L.S. (2001) Mycolic acid analysis by
high-performance liquid chromatography for identification of
Mpycobacterium species. Clin. Microbiol. Rev. 14, 704-726.

[110] Brown-Elliott, B.A., Griffith, D.E. and Wallace Jr., R.J. (2002)
Diagnosis of nontuberculous mycobacterial infections. Clin.
Lab. Med. 22, 911-925.

[111] Somoskovi, A., Mester, J., Hale, Y.M., Parsons, L.M. and
Salfinger, M. (2002) Laboratory diagnosis of nontuberculous
mycobacteria. Clin. Chest Med. 23, 585-597.

[112] Torkko, P., Katila, M.-L. and Kontro, M. (2003) Gas-chro-
matographic lipid profiles in identification of currently known
slowly growing environmental mycobacteria. J. Med. Microbiol.
52, 315-323.

[113] Telenti, A., Marchesi, F., Balz, M., Bally, F., Bottger, E. and
Bodmer, T. (1993) Rapid identification of mycobacteria to the
species level by polymerase chain reaction and restriction enzyme
analysis. J. Clin. Microbiol. 31, 175-178.

[114] Steingrube, V.A., Gibson, J.L., Brown, B.A., Zhang, Y., Wilson,
R.W., Rajagonpalan, M. and Wallace Jr., R.J. (1995) PCR
amplification and restriction endonuclease analysis of a 65-
kilodalton heat shock protein gene sequence for taxonomic
separation of rapidly growing mycobacteria. J. Clin. Microbiol.
33, 149-153.

[115] Ringuet, H., Akoua-Koffi, C., Honore, S., Varnerot, A.,
Vincent, V., Berche, P., Gaillard, J.L. and Pierre-Audigier, C.
(1999) hsp65 sequencing for identification of rapidly growing
mycobacteria. J. Clin. Microbiol. 37, 852-857.

[116] Héfner, B., Haag, H., Geiss, H.-K. and Nolte, O. (2004)
Different molecular methods for the identification of rarely
isolated non-tuberculous mycobacteria and description of new
hsp65 restriction fragment length polymorphism patterns. Mol.
Cell. Probes 18, 59-65.

[117] Portaels, F., Rigouts, L., Realini, L., Casabona, N.M., De Rijk,
W.B., Jannes, G., Kaustova, J., Mijs, W., Schulze-Robbecke, R.,
Tortoli, E. and Rossau, R. (1998) Identification of mycobacterial
species and subspecies by the INNO-LiPA Mycobacterium spp.
test. Evaluation of its usefulness for clinical and epidemiological
studies In: Clinical Mycobacteriology (Casal, M., Ed.), pp. 117—
124. Prous Science, Barcelona.

[118] Mijs, W., De Vreese, K., Devos, A., Pottel, H., Valgaeren, A.,
Evans, C., Norton, J., Parker, D., Rigouts, L., Portaels, F.,
Reischl, U., Watterson, S., Pfyffer, G. and Rossau, R. (2002)
Evaluation of a commercial line probe assay for identification of
Mpycobacterium species from liquid and solid culture. Eur. J.
Clin. Microbiol. Infect. Dis. 21, 794-802.

[119] Ruiz, P., Gutierrez, J., Zerolo, F.J. and Casal, M. (2002)
GenoType Mycobacterium assay for identification of mycobac-
terial species isolated from human clinical samples by using
liquid medium. J. Clin. Microbiol. 40, 3076-3078.


http://www.who.int

M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934 929

[120] Lebrun, L., Goniillii, N., Boutros, N., Davoust, A., Guibert, M.,
Ingrand, D., Ghnassia, J.C., Vincent, V. and Doucet-Populaire,
F. (2003) Use of INNO-LiPA assay for rapid identification of
mycobacteria. Diagn. Microbiol. Infect. Dis. 46, 151-153.

[121] Tortoli, E., Mariottini, A. and Mazzarelli, G. (2003) Evaluation
of INNO-LiPA MYCOBACTERIA v2: improved reverse
hybridization multiple DNA probe assay for mycobacterial
identification. J. Clin. Microbiol. 41, 4418-4420.

[122] Padilla, E., Gonzalez, V., Manterola, J.M., Pérez, A., Ques-
ada, M.D., Gordillo, S., Vilaplana, C., Pallarés, M.A.,
Molinos, S., Sanchez, M.D. and Ausina, V. (2004) Compar-
ative evaluation of the new version of the INNO-LiPA
mycobacteria and genotype mycobacterium assays for identi-
fication of Mpycobacterium species from MB/BacT liquid
cultures artificially inoculated with mycobacterial strains. J.
Clin. Microbiol. 42, 3083-3088.

[123] Turenne, C.Y., Tschetter, L., Wolfe, J. and Kabani, A. (2001)
Necessity of quality-controlled 16S rRNA gene sequence dat-
abases: identifying nontuberculous Mycobacterium species. J.
Clin. Microbiol. 39, 3637-3648.

[124] Hall, L., Doerr, K.A., Wohlfiel, S.L. and Roberts, G.D. (2003)
Evaluation of the MicroSeq system for identification of myco-
bacteria by 16S ribosomal DNA sequencing and its integration
into a clinical mycobacteriology laboratory. J. Clin. Microbiol.
41, 1447-1453.

[125] Vandamme, P., Pot, B., Gillis, M., De Vos, P., Kersters, K. and
Swings, J. (1996) Polyphasic taxonomy, a consensus approach to
bacterial systematics. Microbiol. Rev. 60, 407-438.

[126] Wayne, L.G., Good, R.C., Bottger, E.C., Butler, R., Dorsch,
M., Ezaki, T., Gross, W., Jonas, V., Kilburn, J., Kirschner, P.,
Krichevsky, M.I., Ridell, M., Shinnick, T.M., Springer, B.,
Stackebrandt, E., Tarnok, I., Tarnok, Z., Tasaka, H., Vincent,
V., Warren, N.G., Knott, C.A. and Johnson, R. (1996) Seman-
tide- and chemotaxonomy-based analyses of some problematic
phenotypic clusters of slowly growing mycobacteria, a cooper-
ative study of the international working group on mycobacterial
taxonomy. Int. J. Syst. Bacteriol. 46, 280-297.

[127] Meyers, H., Brown-Elliott, B.A., Moore, D., Curry, J., Truong,
C., Zhang, Y. and Wallace Jr., R.J. (2002) An outbreak of
Mycobacterium chelonae infection following liposuction. Clin.
Infect. Dis. 34, 1500-1507.

[128] (a) Tortoli, E., Kroppenstedt, R.M., Bartoloni, A., Caroli, G.,
Jan, 1., Pawlowski, J. and Emler, S. (1999) Mycobacterium
tusciae sp. nov. Int. J. Syst. Bacteriol. 49, 1839-1844® Gira,
A K., Reisenauer, A.H., Hammock, L., Nadiminti, U., Macy,
J.T., Reeves, A., Burnett, C., Yakrus, M.A., Toney, S., Jensen,
B.J., Blumberg, H.M., Caughman, S.W. and Nolte, F.S. (2004)
Furunculosis due to Mycobacterium mageritense associated with
foodbaths at a nail salon. J. Clin. Microbiol. 42, 1813-1817.

[129] United States Environmental Protection Agency (US EPA)
(2002) Health risks from microbial growth and biofilms in
drinking water distribution systems. June 17, 2002, 50 pp.
Available from: <http://www.epa.gov/safewater>.

[130] Miettinen, L.T., Vartiainen, T. and Martikainen, P.J. (1997)
Phosphorus and bacterial growth in drinking water. Appl.
Environ. Microbiol. 63, 3242-3245.

[131] Prévost, M., Rompré, A., Coallier, J., Servais, P., Laurent, P.,
Clément, B. and Lafrance, P. (1998) Suspended bacterial
biomass and activity in full-scale drinking water distribution
systems: impact of water treatment. Water Res. 32, 1393-1406.

[132] Percival, S.L. and Walker, J.T. (1999) Potable water and
biofilms: a review of the public health implications. Biofouling
14, 99-115.

[133] Momba, M.N.B., Kfir, R., Venter, S.N. and Cloete, T.E. (2000)
An overview of biofilm formation in distribution systems and its
impact on the deterioration of water quality. Water SA 26, 59—
66.

[134] Niquette, P., Servais, P. and Savoir, R. (2000) Impacts of pipe
materials on densities of fixed bacterial biomass in a drinking
water distribution system. Water Res. 34, 1952-1956.

[135] Niquette, P., Servais, P. and Savoir, R. (2001) Bacterial
dynamics in the drinking water distribution system of Brussels.
Water Res. 35, 675-682.

[136] Lehtola, M.J., Miettinen, I.T., Vartiainen, T. and Martikainen,
P.J. (2002) Changes in content of microbially available phos-
phorus, assimilable organic carbon and microbial growth
potential during drinking water treatment processes. Water
Res. 36, 3681-3690.

[137] LeChevallier, M.W. (2003) Conditions favouring coliform and
HPC bacterial growth in drinking water and on water contact
surfaces In: Heterotrophic Plate Counts and Drinking Water
Safety (Bartram, J., Cotruvo, J., Exner, M., Fricker, C. and
Glasmacher, A., Eds.), pp. 177-197. World Health Organization
(WHO), IWA Publishing, London.

[138] Lehtola, M.J., Nissinen, T.K., Miettinen, I.T., Martikainen, P.J.
and Vartiainen, T. (2004) Removal of soft deposits from the
distribution system improves the drinking water quality. Water
Res. 38, 601-610.

[139] Levy, Y. (2004) Minimizing potential for changes in microbial
quality of treated water In: Safe Piped Water: Managing
Microbial Water Quality in Piped Distribution Systems (Ains-
worth, R., Ed.), pp. 19-37. World Health Organization, IWA
Publishing, London.

[140] Menaia, J. and Mesquita, E. (2004) Drinking water pipe biofilm:
present knowledge, concepts and significance. Water Supply 4,
115-124.

[141] van der Kooij, D. (1992) Assimilable organic carbon as an
indicator of bacterial regrowth. J. Am. Water Works Assoc. 84,
57-65.

[142] Norton, C.D., LeChevallier, M.W. and Falkinham III, J.O.
(2004) Survival of Mycobacterium avium in a model distribution
system. Water Res. 38, 1457-1466.

[143] Carson, L.A., Petersen, N.J., Favero, M.S. and Aguero, S.M.
(1978) Growth characteristics of atypical mycobacteria in water
and their comparative resistance to disinfectants. Appl. Environ.
Microbiol. 36, 839-846.

[144] Archuleta, R.J., Mullens, P. and Primm, T.P. (2002) The
relationship of temperature to desiccation and starvation toler-
ance of the Mycobacterium avium complex. Arch. Microbiol.
178, 311-314.

[145] Kirschner, R.A., Jr, Parker, B.C. and Falkinham III, J.O. (1999)
Humic and fulvic acids stimulate the growth of Mycobacterium
avium. FEMS Microbiol. Ecol. 30, 327-332.

[146] livanainen, E.K., Martikainen, P.J., Rdisdnen, M.L. and Katila,
M.-L. (1997) Mycobacteria in boreal coniferous forest soils.
FEMS Microbiol. Lett. 23, 325-332.

[147] Camper, A.K. (2004) Involvement of humic substances in
regrowth. Int. J. Food Microbiol. 92, 355-364.

[148] Kirschner, R.A., Jr, Parker, B.C. and Falkinham III, J.O.
(1992) Mycobacterium avium, Mycobacterium intracellulare,
and  Mycobacterium  scrofulaceum in acid, brown-water
swamps of the southeastern United States and their associ-
ation with environmental variables. Am. Rev. Respir. Dis.
145, 271-275.

[149] Grant, I.R., Rowe, M.T., Dundee, L. and Hitchings, E. (2001)
Mpycobacterium avium spp. paratuberculosis: its incidence, heat
resistance and detection in milk and dairy products. Int. J. Dairy
Technol. 54, 2-13.

[150] Gao, A., Mutharia, L., Chen, S., Rahn, K. and Odumeru, J.
(2002) Effect of pasteurization on survival of Mycobacterium
paratuberculosis in milk. J. Dairy Sci. 85, 3198-3205.

[151] Lund, B.M., Gould, G.W. and Rampling, A.M. (2002) Pasteur-
ization of milk and the heat resistance of Mycobacterium avium
subsp. paratuberculosis: a critical review of the data. Int. J. Food


http://www.epa.gov/safewater

930 M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934

Microbiol. 77, 135-145, corrigendum Int. J. Food Microbiol. 77,
245.

[152] Bagh, L.K., Albrechtsen, H.-J., Arvin, E. and Ovesen, K. (2004)
Distribution of bacteria in a domestic hot water system in a
Danish apartment building. Water Res. 38, 225-235.

[153] Embil, J., Warren, P., Yakrus, M., Stark, R., Corne, S.,
Forrest, D. and Hershfield, E. (1997) Pulmonary illness
associated with exposure to Mycobacterium avium complex in
hot tub water — Hypersensitivity pneumonitis or infection.
Chest 111, 813-816.

[154] Kahana, L.M., Kay, J.M., Yakrus, M.A. and Waserman, S.
(1997) Mycobacterium avium complex infection in an immuno-
competent young adult related to hot tub exposure. Chest 111,
242-245.

[155] Sugita, Y., Ishii, N., Katsuno, M., Yamada, R. and Nakajima,
H. (2000) Familiar cluster of cutaneous Mycobacterium avium
infection resulting from use of a circulating, constantly heated
bath water system. Br. J. Dermatol. 142, 789-793.

[156] Khoor, A., Leslie, K.O., Tazelaar, H.D., Helmers, R.A. and
Colby, T.V. (2001) Diffuse pulmonary disease caused by nontu-
berculous mycobacteria in immunocompetent people (hot tub
lung). Am. J. Clin. Pathol. 115, 755-762.

[157] Mangione, E.J., Huitt, G., Lenaway, D., Beebe, J., Bailey, A.,
Figoski, M., Rau, M.P., Albrecht, K.D. and Yakrus, M.A.
(2001) Nontuberculous mycobacterial disease following hot tub
exposure. Emerg. Infect. Dis. 7, 1039-1042.

[158] Watando, A., Toyota, E., Mori, N., Kaneko, A., Kuratsuji, T.,
Kirikae, T. and Kudo, K. (2001) Pulmonary Mycobacterium
avium infection in an immunocompetent young adult related to
use of home bath with a circulating water system. Jpn. J. Infect.
Dis. 54, 151-152.

[159] Rickman, O.B., Ryu, J.H., Fidler, M.E. and Kalra, S. (2002)
Hypersensitivity pneumonitis associated with Mycobacterium
avium complex and hot tub use. Mayo Clin. Proc. 77, 1233-1237.

[160] Takahara, M., Kano, T., Aiyoshi, M., Fujino, T., Otsuka, Y.,
Saruta, K., Kuratsuji, T. and Kirikae, T. (2002) Pulmonary
Mpycobacterium avium infection in an immunocompetent aged
woman releated to use of home bath with a circulating water
system. Jpn. J. Infect. Dis. 55, 213-214.

[161] Cappelluti, E., Fraire, A.E. and Schaefer, O.P. (2003) A case of
“hot tub lung” due to Mycobacterium avium complex in an
immunocompetent host. Arch. Intern. Med. 163, 845-848.

[162] Lumb, R., Stapledon, R., Scroop, A., Bond, P., Cunliffe, D.,
Goodwin, A., Doyle, R. and Bastian, 1. (2004) Investigation of
spa pools associated with lung disorders caused by Mycobacte-
rium avium complex in immunocompetent adults. Appl. Environ.
Microbiol. 70, 4906-4910.

[163] Schulze-Robbecke, R. and Fischeder, R. (1989) Mycobacteria in
biofilms. Zentbl. Hyg. Umweltmed. 188, 385-390.

[164] Schulze-Robbecke, R. and Fischeder, R. (1991) Growth and
inactivation kinetics of mycobacteria in biofilms. Water Sci.
Technol. 24, 153-156.

[165] Vess, R.W., Anderson, R.L., Carr, J.H., Bond, W.W. and
Favero, M.S. (1993) The colonization of solid PVC surfaces and
the acquisition of resistance to germicides by water micro-
organisms. J. Appl. Bacteriol. 74, 215-221.

[166] Schulze-Robbecke, R., Feldmann, C., Fischeder, R., Janning, B.,
Exner, M. and Wahl, G. (1995) Dental units: an environmental
study of sources of potentially pathogenic mycobacteria. Tuber-
cle Lung Dis. 76, 318-323.

[167] Hall-Stoodley, L. and Lappin-Scott, H. (1998) Biofilm formation
by the rapidly growing mycobacterial species Mycobacterium
Sfortuitum. FEMS Microbiol. Lett. 168, 77-84.

[168] Hall-Stoodley, L., Keevil, C.W. and Lappin-Scott, H.M. (1999)
Mpycobacterium fortuitum and Mycobacterium chelonae biofilm
formation under high and low nutrient conditions. J. Appl.
Microbiol. Symp. Suppl. 85, 60S—69S.

[169] Bardouniotis, E., Huddleston, W., Ceri, H. and Olson, M.E.
(2001) Characterization of biofilm growth and biocide suscep-
tibility testing of Mycobacterium phlei using the MBEC™ assay
system. FEMS Microbiol. Lett. 203, 263-267.

[170] Bardouniotis, E., Ceri, H. and Olson, M.E. (2003) Biofilm
formation and biocide susceptibility testing of Mycobacterium
Sfortuitum and Mycobacterium marinum. Curr. Microbiol. 46, 28—
32.

[171] Carter, G., Wu, M., Drummond, D.C. and Bermudez, L.E.
(2003) Characterization of biofilm formation by clinical isolates
of Mycobacterium avium. J. Med. Microbiol. 52, 747-752.

[172] Dailloux, M., Albert, M., Laurain, C., Andolfatto, S., Lozniew-
ski, A., Hartemann, P. and Mathieu, L. (2003) Mycobacterium
xenopi and drinking water biofilms. Appl. Environ. Microbiol.
69, 6946-6948.

[173] Marsollier, L., Aubry, J., Saint-André, J.-P., Robert, R., Legras,
P., Manceau, A.-L., Bourdon, S., Audrain, C. and Carbonnelle,
B. (2003) Ecologie et mode de transmission de Mycobacterium
ulcerans. Pathol. Biol. 51, 490-495.

[174] Teng, R. and Dick, T. (2003) Isoniazid resistance of exponen-
tially growing Mycobacterium smegmatis biofilm culture. FEMS
Microbiol. Lett. 227, 171-174.

[175] Marsollier, L., Stinear, T., Aubry, J., Saint André, J.P.,
Robert, R., Legras, P., Manceau, A.-L., Audrain, C.,
Bourdon, S., Kouakou, H. and Carbonnelle, B. (2004)
Aquatic plants stimulate the growth of and biofilm forma-
tion by Mycobacterium ulcerans in axenic culture and harbor
these bacteria in the environment. Appl. Environ. Microbiol.
70, 1097-1103.

[176] Walker, J.T., Bradshaw, D.J., Finney, M., Fulford, M.R.,
Frandsen, E., Ostergaard, E., ten Cate, J.M., Moorer, W.R.,
Schel, A.J., Mavridou, A., Kamma, J.J., Mandilara, G., Stosser,
L., Kneist, S., Araujo, R., Contreras, N., Goroncy-Bermes, P.,
O’Mullane, D., Burke, F., Forde, A., O’Sullivan, M. and Marsh,
P.D. (2004) Microbiological evaluation of dental unit water
systems in general dental practice in Europe. Eur. J. Oral Sci.
112, 412-418.

[177] Donlan, R.M. and Costeron, J.W. (2002) Biofilms: survival
mechanisms of clinically relevant microorganisms. Clin. Micro-
biol. Rev. 15, 167-193.

[178] Barbeau, J., Gauthier, C. and Payment, P. (1998) Biofilms,
infectious agents, and dental unit waterlines: a review. Can. J.
Microbiol. 44, 1019-1028.

[179] Mah, T.-F.C. and O’Toole, G.A. (2001) Mechanisms of biofilm
resistance to antimicrobial agents. Trends Microbiol. 9, 34-39.

[180] Lewis, K. (2001) Riddle of biofilm resistance. Antimicrob.
Agents Chemother. 45, 999-1007.

[181] Allison, D.G. (1993) Biofilm-associated exopolysaccharides.
Microbiol. Eur. 1, 16-19.

[182] Davey, M.E. and O’Toole, G.A. (2000) Microbial biofilms: from
ecology to molecular genetics. Microbiol. Mol. Biol. Rev. 64,
847-867.

[183] Watnick, P. and Kolter, R. (2000) Biofilm, city of microbes.
J. Bacteriol. 182, 2675-2679.

[184] Wimpenny, J., Manz, W. and Szewzyk, U. (2000) Heterogeneity
in biofilms. FEMS Microbiol. Rev. 24, 661-671.

[185] Dunne Jr., W.M. (2002) Bacterial adhesion: seen any good
biofilms lately? Clin. Microbiol. Rev. 15, 155-166.

[186] Martiny, A.C., Jorgensen, T.M., Albrechtsen, H.-J., Arvin, E.
and Molin, S. (2003) Long-term succession of structure and
diversity of a biofilm formed in a model drinking water
distribution system. Appl. Environ. Microbiol. 69, 6899-6907.

[187] Martinez, A., Torello, S. and Kolter, R. (1999) Sliding motility
in mycobacteria. J. Bacteriol. 181, 7331-7338.

[188] Recht, J., Martinez, A., Torello, S. and Kolter, R. (2000)
Genetic analysis of sliding motility in Mycobacterium smegma-
tis. J. Bacteriol. 182, 4348-4351.



M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934 931

[189] Recht, J. and Kolter, R. (2001) Glycopeptidolipid acetylation
affects sliding motility and biofilm formation in Mycobacterium
smegmatis. J. Bacteriol. 183, 5718-5724.

[190] Ridgway, H.F., Rigby, M.G. and Argo, D.G. (1984) Adhesion
of a Mycobacterium sp. to cellulose diacetate membranes used in
reverse osmosis. Appl. Environ. Microbiol. 47, 61-67.

[191] Limia, A., Sangari, F.J., Wagner, D. and Bermudez, L.E. (2001)
Characterization and expression of secA in Mpycobacterium
avium. FEMS Microbiol. Lett. 197, 151-157.

[192] Rose, L., Kaufmann, S.H.E. and Daugelat, S. (2004) Involve-
ment of Mycobacterium smegmatis undecaprenyl phosphokinase
in biofilm and smegma formation. Microbes Infect. 6, 965-971.

[193] Sibille, I., Sime-Ngando, T., Mathieu, L. and Block, J.C. (1998)
Protozoan bacterivory and Escherichia coli survival in drinking
water distribution systems. Appl. Environ. Microbiol. 64, 197—
202.

[194] Hoffmann, R. and Michel, R. (2001) Distribution of free-living
amoebae (FLA) during preparation and supply of drinking
water. Int. J. Hyg. Environ. Health 203, 215-219.

[195] Rohr, U., Weber, S., Michel, R., Selenka, F. and Wilhelm, M.
(1998) Comparison of free-living amoebae in hot water systems
of hospitals with isolates from moist sanitary areas by identifying
genera and determining temperature tolerance. Appl. Environ.
Microbiol. 64, 1822-1824.

[196] Greub, G. and Raoult, D. (2004) Microorganisms resistant to
free-living amoebae. Clin. Microbiol. Rev. 17, 413-433.

[197] Winiecka-Krusnell, J. and Linder, E. (2001) Bacterial infections
of free-living amoebae. Res. Microbiol. 152, 613-619.

[198] Berk, S.G., Ting, R.S., Turner, G.W. and Ashburn, R.J. (1998)
Production of respirable vesicles containing live Legionella
pneumophila cells by two Acanthamoeba spp. Appl. Environ.
Microbiol. 64, 279-286.

[199] Adeleke, A., Pruckler, J., Benson, R., Rowbotham, T., Hala-
blab, M. and Fields, B. (1996) Legionella-like amebal pathogens
— phylogenetic status and possible role in respiratory disease.
Emerg. Infect. Dis. 2, 225-230.

[200] Newsome, A.L., Scott, T.M., Benson, R.F. and Fields, B.S.
(1998) Isolation of an amoeba naturally harboring a distinctive
Legionella species. Appl. Environ. Microbiol. 64, 1688-1693.

[201] Adeleke, A.A., Fields, B.S., Benson, R.F., Daneshvar, M.L,
Pruckler, J.M., Ratcliff, R.M., Harrisson, T.G., Weyant, R.S.,
Birtles, R.J., Raoult, D. and Halablab, M.A. (2001) Legionella
drozanskii sp. nov., Legionella rowbothamii sp. nov. and Legion-
ella fallonii sp. nov.: three unusual new Legionella species. Int. J.
Syst. Evol. Microbiol. 51, 1151-1160.

[202] La Scola, B., Birtles, R.J., Greub, G., Harrison, T.J., Ratcliff,
R.M. and Raoult, D. (2004) Legionella drancourtii sp. nov., a
strictly intracellular amoebal pathogen. Int. J. Syst. Evol.
Microbiol. 54, 699-703.

[203] Krishna Prasad, B.N. and Gupta, S.K. (1978) Preliminary report
on the engulfment and retention of mycobacteria by trophozo-
ites of exenically grown Acanthamoeba castellanii Douglas, 1930.
Curr. Sci. 47, 245-247.

[204] Cirillo, J.D., Falkow, S., Tompkins, L.S. and Bermudez, L.E.
(1997) Interaction of Mycobacterium avium with environmental
amoebae enhances virulence. Infect. Immun. 65, 3759-3767.

[205] Steinert, M., Birkness, K., White, E., Fields, B. and Quinn, F.
(1998) Mpycobacterium avium bacilli grow saprozoically in
coculture with Acanthamoeba polyphaga and survive within cyst
walls. Appl. Environ. Microbiol. 64, 2256-2261.

[206] Skriwan, C., Fajardo, M., Hagele, S., Horn, M., Wagner, M.,
Michel, R., Krohne, G., Schleicher, M., Hacker, J. and Steinert,
M. (2002) Various bacterial pathogens and symbionts infect the
amoeba Dictyostelium discoideum. Int. J. Med. Microbiol. 291,
615-624.

[207] Strahl, E.D., Gillaspy, G.E. and Falkinham III, J.O. (2001)
Fluorescent acid-fast microscopy for measuring phagocytosis

of Mycobacterium avium, Mycobacterium intracellulare, and
Mpycobacterium scrofulaceum by Tetrahymena pyriformis and
their intracellular growth. Appl. Environ. Microbiol. 67, 4432—
4439,

[208] Taylor, S.J., Ahonen, L.J., de Leij, F.A.A.M. and Dale, J.W.
(2003) Infection of Acanthamoeba castellanii with Mycobacte-
rium bovis and M. bovis BCG and survival of M. bovis within the
amoebae. Appl. Environ. Microbiol. 69, 4316-4319.

[209] Solomon, J.M., Leung, G.S. and Isberg, R.R. (2003) Intracel-
lular replication of Mycobacterium marinum within Dictyoste-
lium discoideum: efficient replication in the absence of host
coronin. Infect. Immun. 71, 3578-3586.

[210] Miltner, E.C. and Bermudez, L.E. (2000) Mycobacterium avium
grown in Acanthamoeba castellanii is protected from the effects
of antimicrobials. Antimicrob. Agents Chemother. 44, 1990-
1994.

[211] Barbeau, J. and Buhler, T. (2001) Biofilms augment the number
of free-living amoebae in dental unit waterlines. Res. Microbiol.
152, 753-760.

[212] Casadevall, A. and Pirofski, L.-a. (2000) Host-pathogen inter-
actions: basic concepts of microbial commensalism, coloniza-
tion, infection, and disease. Infect. Immun. 68, 6511-6518.

[213] Pirofski, L.-a. and Casadevall, A. (2002) The meaning of
microbial exposure, infection, colonisation, and disease in
clinical practice. Lancet Infect. Dis. 2, 628-635.

[214] Olive, D.M. and Bean, P. (1999) Principles and applications of
methods for DNA-based typing of microbial organisms. J. Clin.
Microbiol. 37, 1661-1669.

[215] Tenover, F.C., Arbeit, R.D., Goering, R.V. and the Molecular
Typing Working Group of the Society for Healthcare Epidemi-
ology of America (1997) How to select and interpret molecular
strain typing methods for epidemiological studies of bacterial
infections: a review for healthcare epidemiologists. Infect.
Control Hosp. Epidemiol. 18, 426-439.

[216] Fey, P.D. and Rupp, M.E. (2002) Molecular epidemiology in the
public health and hospital environments. Clin. Lab. Med. 23,
885-901.

[217] Gaynes, R.P. and Horan, T.C. (1996) Surveillance of nosocomial
infections In: Hospital Epidemiology and Infection Control
(Mayhall, C.G., Ed.), pp. 1017-1031. Williams & Wilkins,
Baltimore Md.

[218] van Soolingen, D. (2001) Molecular epidemiology of tuberculo-
sis and other mycobacterial infections: main methodologies and
achievements. J. Intern. Med. 249, 1-26.

[219] Déffinger, R., Altare, F. and Casanova, J.-L. (2000) Genetic
heterogeneity of Mendelian susceptibility to mycobacterial
infection. Microbes Infect. 2, 1553-1557.

[220] Casanova, J.-L. and Abel, L. (2002) Genetic dissection of
immunity to mycobacteria: the human model. Annu. Rev.
Immunol. 20, 581-620.

[221] Newport, M. (2003) The genetics of nontuberculous mycobac
terial infection. Exp. Rev. Mol. Med. 5 (February 28) doi:
10.1017/S1462399403005908.

[222] Mansfield, K.G. and Lackner, A.A. (1997) Simian immunode-
ficiency virus-inoculated macaques acquire Mycobacterium
avium from potable water during AIDS. J. Infect. Dis. 175,
184-187.

[223] Anaissie, E.J., Penzak, S.R. and Dignani, M.C. (2002) The
hospital water supply as a source of nosocomial infections — a
plea for action. Arch. Int. Med. 162, 1483-1492.

[224] Hall, J., Hodgon, G. and Kerr, K.G. (2004) Provision of safe
potable water for immunocompromised patients in hospital. J.
Hosp. Infect. 58, 155-158.

[225] Yagupsky, P. and Menegus, M.A. (1989) Waterborne Mycobac-
terium avium infection — to the editor. JAMA 261, 994.

[226] Rice, G., Wright, J.M., Boutin, B., Swartout, J., Rodgers, P.,
Niemuth, N. and Broder, M. (2005) Estimating the frequency of



932 M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934

tap water exposures to Mycobacterium avium complex (MAC) in
the U.S. population with advanced AIDS. J. Toxicol. Environ.
Health A (accepted).

[227] Horsburgh Jr., C.R., Chin, D.P., Yajko, D.M., Hopewell, P.C.,
Nassos, P.S., Elkin, E.P., Hadley, W.K., Stone, E.N., Simon,
E.M., Gonzalez, P., Ostroff, S. and Reingold, A.L. (1994)
Environmental risk factors for acquisition of Mycobacterium
avium complex in persons with human immunodeficiency virus
infection. J. Infect. Dis. 170, 362-367.

[228] von Reyn, C.F., Arbeit, R.D., Tosteson, A.N.A., Ristola,
M.A., Barber, T.W., Waddell, R., Sox, C.H., Brindle, R.J.,
Gilks, C.F., Ranki, A., Bartholomew, C., Edwards, J., Falkin-
ham, J.O., O’Connor, G.T. and the International MAC Study
Group (1996) The international epidemiology of disseminated
Mycobacterium avium complex infection in AIDS. AIDS 10,
1025-1032.

[229] Bates, A.J. (2000) Water as consumed and its impact on the
consumer — do we understand the variables? Food Chem.
Toxicol. 38, S29-S36.

[230] Rodgers, M.R., Blackstone, B.J., Reyes, A.L. and Covert, T.C.
(1999) Colonisation of point of use water filters by silver
resistant non-tuberculous mycobacteria. J. Clin. Pathol. 52, 629.

[231] Chaidez, C. and Gerba, C.P. (2004) Comparison of the
microbiological quality of point-of-use (POU)-treated water
and tap water. Int. J. Environ. Health Res. 14, 253-260.

[232] Sheffer, P., Stout, J., Muder, R. and Wagener, M. (2004)
Efficacy of new point-of-use water filters to prevent exposure
to Legionella and waterborne bacteria. Am. J. Infect. Control
32, E87.

[233] Ford, T., Hermon-Taylor, J., Nichols, G., Cangelosi, G. and
Bartram, J. (2004) Approaches to risk management in priority
setting In: Pathogenic Mycobacteria in Water: a Guide to Public
Health Consequences, Monitoring and Management (Pedley, S.,
Bartram, J., Rees, G., Dufour, A. and Cotruvo, J., Eds.), pp.
169-178. World Health Organization (WHO), IWA Publishing,
London.

[234] Rutala, W.A. and Weber, D.J. (1997) Water as a reservoir of
nosocomial pathogens. Infect. Control Hosp. Epidemiol. 18,
609-616.

[235] Maloney, S., Welbel, S., Daves, B., Adams, K., Becker, S.,
Bland, L., Arduino, M., Wallace Jr., R., Zhang, Y., Buck, G.,
Risch, P. and Jarvis, W. (1994) Mpycobacterium abscessus
pseudoinfection traced to an automated endoscope washer:
utility of epidemiologic and laboratory investigation. J. Infect.
Dis. 169, 1166-1169.

[236] MacKay, W.G., Leanord, A.T. and Williams, C.L. (2002)
Water, water everywhere nor any a sterile drop to rinse your
endoscope. J. Hosp. Infect. 51, 256-261.

[237] Foz, A., Roy, C., Jurado, J., Arteaga, E., Ruiz, J.M. and
Moragas, A. (1978) Mycobacterium chelonei iatrogenic infec-
tions. J. Clin. Microbiol. 7, 319-321.

[238] Safranek, T.J., Jarvis, W.R., Carson, L.A., Cusick, L.B., Bland,
L.A., Swenson, J.M. and Silcox, V.A. (1987) Mycobacterium
chelonae wound infections after plastic surgery employing
contaminated gentian violet skin-marking solution. N. Engl. J.
Med. 317, 197-201.

[239] Pankhurst, C.L., Johnson, N.W. and Woods, R.G. (1998)
Microbial contamination of dental unit waterlines: the scientific
argument. Int. Dent. J. 48, 359-368.

[240] Walker, J.T., Bradshaw, D.J., Bennett, A.M., Fulford, M.R.,
Martin, M.V. and Marsh, P.D. (2000) Microbial biofilm
formation and contamination of dental-unit water systems in
general dental practice. Appl. Environ. Microbiol. 66, 3363—
3367.

[241] Rowland, B. and Voorheesville, N.Y. (2003) Bacterial contam-
ination of dental unit waterlines: what is your dentist spraying
into your mouth. Clin. Microbiol. Newslett. 25, 73-77.

[242] Araujo, R. and Contreras, N. (2004) Microbiological contam-
ination of dental unit water systems in general practices from
Barcelona (Spain). Water Supply 4, 1-5.

[243] Porteous, N.B., Redding, S.W. and Jorgensen, J.H. (2004)
Isolation of non-tuberculosis mycobacteria in treated dental unit
waterlines. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
Endod. 98, 40-44.

[244] Walker, J.T. and Marsh, P.D. (2004) A review of biofilms and
their role in microbial contamination of dental unit water
systems (DUWS). Int. Biodeter. Biodegrad. 54, 87-98.

[245] Bennett, A.M., Fulford, M.R., Walker, J.T., Bradshaw, D.J.,
Martin, M.V. and Marsh, P.D. (2000) Microbial aerosols in
general dental practice. Br. Dent. J. 189, 664-667.

[246] Marshall, K.F. (2001) Microbial aerosols — letter to the editor.
Br. Dent. J. 190, 227.

[247] Centers of Disease Control and Prevention (CDC) (2003)
Guidelines for infection control in dental health-care settings.
MMWR Morb. Mortal. Wkly. Rep. 52, 1-66.

[248] Shearer, B.G. (1996) Biofilm and the dental office. J. Am. Dent.
Assoc. 127, 181-189, corrigendum 127, 436.

[249] Fiehn, N.-E. and Larsen, T. (2002) The effect of drying dental
unit waterline biofilms on the bacterial load of dental unit water.
Int. Dent. J. 52, 251-254.

[250] Walker, J.T., Bradshaw, D.J., Fulford, M.R. and Marsh, P.D.
(2003) Microbiological evaluation of a range of disinfectant
products to control mixed-species biofilm contamination in a
laboratory model of a dental unit water system. Appl. Environ.
Microbiol. 69, 3327-3332.

[251] Wirthlin, M.R., Marshall Jr., G.W. and Rowland, R.W. (2003)
Formation and decontamination of biofilms in dental unit
waterlines. J. Periodontol. 74, 1595-1609.

[252] Davis, P.B., Drumm, M. and Konstan, M.W. (1996) Cystic
fibrosis. Am. J. Respir. Crit. Care Med. 154, 1229-1256.

[253] Hutchison, M.L. and Govan, J.R.W. (1999) Pathogenicity of
microbes associated with cystic fibrosis. Microbes Infect. 1,
1005-1014.

[254] Lyczak, J.B., Cannon, C.L. and Pier, G.B. (2002) Lung
infections associated with cystic fibrosis. Clin. Microbiol. Rev.
15, 194-222.

[255] Gibson, R.L., Burns, J.L. and Ramsey, B.W. (2003) Pathophys-
iology and management of pulmonary infections in cystic
fibrosis. Am. J. Respir. Crit. Care Med. 168, 918-951.

[256] Saiman, L., Siegel, J., the Cystic Fibrosis Foundation Consensus
Conference on Infection Control Participants (2003) Infection
control recommendations for patients with cystic fibrosis:
microbiology, important pathogens, and infection control prac-
tices to prevent patient-to-patient transmission. Infect. Control
Hosp. Epidemiol. 24, S6-S52.

[257] Oliver, A., Maiz, L., Canton, R., Escobar, H., Baquero, F. and
Gomez-Mampaso, E. (2001) Nontuberculous mycobacteria in
patients with cystic fibrosis. Clin. Infect. Dis. 32, 1298-1303.

[258] Olivier, K.N., Weber, D.J., Wallace Jr., R.J., Faiz, A.R., Lee,
J.-H., Zhang, Y., Brown-Elliot, B.A., Handler, A., Wilson,
R.W., Schechter, M.S., Edwards, L.J., Chakraborti, S., Know-
les, M.R. and for the nontuberculous mycobacteria in cystic
fibrosis study group (2003) Nontuberculous mycobacteria I:
multicenter prevalence study in cystic fibrosis. Am. J. Respir.
Crit. Care Med. 167, 828-834.

[259] Olivier, K.N., Weber, D.J., Lee, J.-H., Handler, A., Tudor, G.,
Molina, P.L., Tomashefski, J., Knowles, M.R. and for the
nontuberculous mycobacteria in cystic fibrosis study group
(2003) Nontuberculous mycobacteria II: nested-cohort study of
impact on cystic fibrosis lung disease. Am. J. Respir. Crit. Care
Med. 167, 835-840.

[260] Ebert, D.L. and Olivier, K.N. (2002) Nontuberculous mycobac-
teria in the setting of cystic fibrosis. Clin. Chest Med. 23, 655-
663.



M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934 933

[261] Griffith, D.E. (2003) Emergence of nontuberculous mycobacteria
as pathogens in cystic fibrosis. Am. J. Respir. Crit. Care Med.
167, 810-812.

[262] Quittell, L.M. (2004) Management of non-tuberculous myco-
bacteria in patients with cystic fibrosis. Pediatr. Respir. Rev. 5
(Suppl. A), S217-S219.

[263] Kahana, L.M. and Kay, J.M. (1997) Pneumonitis due to
Mpycobacterium avium complex in hot tub water — infection or
hypersensitivity? Chest 112, 1713-1714.

[264] Aksamit, T.R. (2003) Hot tub lung: infection, inflammation, or
both? Sem. Respir. Infect. 18, 33-39.

[265] Portaels, F., Larsson, L. and Smeets, P. (1988) Isolation of
mycobacteria from healthy persons’ stools. Int. J. Lepr. 56, 468—
471.

[266] Yoder, S., Argueta, C., Holtzman, A., Aronson, T., Berlin,
0.G.W., Tomasek, P., Glover, N., Froman, S. and Stelma Jr., G.
(1999) PCR comparison of Mycobacterium avium isolates
obtained from patients and foods. Appl. Environ. Microbiol.
65, 2650-2653.

[267] Argueta, C., Yoder, S., Holtzman, A.E., Aronson, T.W., Glover,
N., Berlin, O.G.W., Stelma Jr., G.N., Froman, S. and Tomasek,
P. (2000) Isolation and identification of nontuberculous myco-
bacteria from foods as possible exposure sources. J. Food Prot.
63, 930-933.

[268] livanainen, E., Northrup, J., Arbeit, R.D., Ristola, M., Katila,
M.L. and von Reyn, C.F. (1999) Isolation of mycobacteria
from indoor swimming pools in Finland. APMIS 107, 193—
200.

[269] Leoni, E., Legnani, P., Mucci, M.T. and Pirani, R. (1999)
Prevalence of mycobacteria in a swimming pool environment.
J. Appl. Microbiol. 87, 683-688.

[270] Schafer, M.P., Martinez, K.F. and Mathews, E.S. (2003) Rapid
detection and determination of the aerodynamic size range of
airborne mycobacteria associated with whirlpools. Appl. Occup.
Environ. Hyg. 18, 41-50.

[271] Portaels, F. (1987) Le SIDA et les mycobactéries atypiques. Ann.
Soc. belge Méd. trop. 67, 93-116.

[272] Bodmer, T., Miltner, E. and Bermudez, L.E. (2000) Mycobac-
terium avium resists exposure to the acidic conditions of the
stomach. FEMS Microbiol. Lett. 182, 45-49.

[273] Singh, N. and Yu, V.L. (1994) Potable water and Mycobacterium
avium complex in HIV patients: is prevention possible? Lancet
343, 1110-1111.

[274] Coleman, M.E. and Marks, H.M. (1999) Qualitative and
quantitative risk assessment. Food Control 10, 289-297.

[275] Lammerding, A.M. and Fazil, A. (2000) Hazard identification
and exposure assessment for microbial food safety risk assess-
ment. Int. J. Food Microbiol. 58, 147-157.

[276] Gale, P. (1996) Developments in microbiological risk assessment
models for drinking water — a short review. J. Appl. Bacteriol.
81, 403-410.

[277] Buchanan, R.L., Smith, J.L. and Long, W. (2000) Microbial risk
assessment: dose-response relations and risk characterization.
Int. J. Food Microbiol. 58, 159-172.

[278] Voysey, P.A. and Brown, M. (2000) Microbiological risk
assessment: a new approach to food safety control. Int. J. Food.
Microbiol. 58, 173-179.

[279] Gale, P. (2001) Developments in microbiological risk assessment
for drinking water: a review. J. Appl. Microbiol. 91, 191-205.

[280] Gangadharam, P.R.J. (1995) Beige mouse model for Mycobac-
terium avium complex disease. Antimicrob. Agents Chemother.
39, 1647-1654.

[281] Rusin, P.A., Rose, J.B., Haas, C.N. and Gerba, C.P. (1997) Risk
assessment of opportunistic bacterial pathogens in drinking
water. Rev. Environ. Contam. Toxicol. 152, 57-83.

[282] Pankhurst, C.L. (2003) Risk assessment of dental unit waterline
contamination. Prim. Dent. Care 10, 5-10.

[283] Storey, M.V., Ashbolt, N.J. and Stenstrom, T.A. (2004)
Biofilms, thermophilic amoebae and Legionella pneumophila —
a quantitative risk assessment for distributed water. Water Sci.
Technol. 50, 77-82.

[284] Guimard, Y. and Portaels, F. (1996) Pseudo-infections a
mycobactéries atypiques: détection, prévention et recommanda-
tions. Meded. Zitt. K. Acad. overzeese Wet. 42, 221-236.

[285] Kelly, M.T. (1978) Hospital distilled water as source of false-
positive acid-fast smears. Lancet 311, 510.

[286] Cooke, R.P.D., Whymant-Morris, A., Umasanker, R.S. and
Goddard, S.V. (1998) Bacteria-free water for automatic washer-
disinfectors: an impossible dream. J. Hosp. Infect. 39, 63-65.

[287] Dizon, D., Mihailescu, C. and Bae, H.C. (1976) Simple
procedure for detection of Mycobacterium gordonae in water
causing false-positive acid-fast smears. J. Clin. Microbiol. 3,
211.

[288] Heelan, J.S. (1992) Pseudomycobacteriosis due to nontubercu-
lous mycobacteria present in hospital-distilled water. Clin.
Microbiol. Newslett. 14, 175-176.

[289] Haas, C.N., Meyer, M.A. and Paller, M.S. (1983) The ecology of
acid-fast organisms in water supply, treatment, and distribution
systems. J. Amer. Water Works Ass. 75, 139-144.

[290] LeChevallier, M.W. (2004) Control, treatment and disinfection of
Mycobacterium avium complex in drinking water In: Pathogenic
Mycobacteria in Water: A Guide to Public Health Consequences,
Monitoring and Management (Pedley, S., Bartram, J., Rees, G.,
Dufour, A. and Cotruvo, J., Eds.), pp. 143-168. World Health
Organization (WHO), IWA Publishing, London.

[291] Russell, A.D. (1996) Activity of biocides against mycobacteria.
J. Appl. Bacteriol. 81, 87S-101S.

[292] Carson, L.A., Cusick, L.B., Bland, L.A. and Favero, M.S. (1988)
Efficacy of chemical dosing methods for isolating nontubercu-
lous mycobacteria from water supplies of dialysis centers. Appl.
Environ. Microbiol. 54, 1756-1760.

[293] Pelletier, P.A., du Moulin, G.C. and Stottmeier, K.D. (1988)
Mycobacteria in public water supplies: comparative resistance to
chlorine. Microbiol. Sci. 5, 147-148.

[294] Miyamoto, M., Yamaguchi, Y. and Sasatsu, M. (2000) Disin-
fectant effects of hot water, ultraviolet light, silver ions and
chlorine on strains of Legionella and nontuberculous mycobac-
teria. Microbios 101, 7-13.

[295] Taylor, R.H., Falkinham III, J.O., Norton, C.D. and LeCh-
evallier, M.W. (2000) Chlorine, chloramine, chlorine dioxide,
and ozone susceptibility of Mycobacterium avium. Appl. Envi-
ron. Microbiol. 66, 1702-1705.

[296] Le Dantec, C., Duguet, J.-P., Montiel, A., Dumoutier, N.,
Dubrou, S. and Vincent, V. (2002) Chlorine disinfection of
atypical mycobacteria isolated from a water distribution system.
Appl. Environ. Microbiol. 68, 1025-1032.

[297] Falkinham III, J.O. (2003) Factors influencing the chlorine
susceptibility of Mycobacterium avium, Mycobacterium intracel-
lulare, and Mycobacterium scrofulaceum. Appl. Environ. Micro-
biol. 69, 5685-5689.

[298] Best, M., Sattar, S.A., Springthorpe, V.S. and Kennedy, M.E.
(1988) Comparative mycobactericidal efficacy of chemical disin-
fectants in suspension and carrier tests. Appl. Environ. Micro-
biol. 54, 2856-2858.

[299] Merkal, R.S. and Crawford, J.A. (1979) Heat inactivation of
Mpycobacterium avium—Mycobacterium intracellulare complex
organisms in aqueous suspension. Appl. Environ. Microbiol.
38, 827-830.

[300] Schulze-Robbecke, R. and Buchholtz, K. (1992) Heat suscepti-
bility of aquatic mycobacteria. Appl. Environ. Microbiol. 58,
1869-1873.

[301] EWGLINET and EWGLI (2003) European guidelines for control
and prevention of travel associated legionnaires’ disease. The
European surveillance scheme for travel associated legionnaires’



934 M.J.M. Vaerewijck et al. | FEMS Microbiology Reviews 29 (2005) 911-934

disease and the European working group for Legionella infec-
tions, pp. 78. Available from: <http://www.ewgli.org>.

[302] Griffiths, P.A., Babb, J.R., Bradley, C.R. and Fraise, A.P. (1997)
Glutaraldehyde-resistant Mycobacterium chelonae from endo-
scope washer disinfectors. J. Appl. Microbiol. 82, 519-526.

[303] Griffiths, P.A., Babb, J.R. and Fraise, A.P. (1999) Mycobacte-
ricidal activity of selected disinfectants using a quantitative
suspension test. J. Hosp. Infect. 41, 111-121.

[304] Alvarado, C.J., Reichelderfer, M., The 1997, 1998, and 1999
APIC Guidelines Committees (2000) APIC guideline for infec-

[305]

[306]

tion prevention and control in flexible endoscopy — special
communications. Am. J. Infect. Control 28, 138-155.

British Thoracic Society (2001) British Thoracic Society guide-
lines on diagnostic flexible bronchoscopy. Thorax 56 (Suppl. I),
il1-i21.

Nelson, D.B., Jarvis, W.R., Rutala, W.A., Foxx-Orenstein, A.E.,
Isenberg, G., Dash, G.P., Alvarado, C.J., Ball, M., Griffin-Sobel,
J., Petersen, C., Ball, K.A., Henderson, J. and Stricof, R.L. (2003)
Multi-society guideline for reprocessing flexible gastrointestinal
endoscopes. Infect. Control Hosp. Epidemiol. 24, 532-537.


http://www.ewgli.org

	Mycobacteria in drinking water distribution systems: ecology and significance for human health
	Introduction
	Prevalence and species diversity in water distribution systems
	Analytical methods
	Prevalence
	Species diversity

	Growth and survival in water distribution systems
	Growth conditions
	Nutrition
	Temperature

	Biofilms
	Protozoa

	Waterborne infections
	Typing of isolates
	Weakened immune system
	Nosocomial infections
	Dental unit waterlines
	Cystic fibrosis
	Repeated exposure

	Mycobacterial drinking water risk assessment
	Pseudo-infection diagnosis
	Prevention of mycobacterial regrowth in DWDSs
	Processing of the water
	Disinfection
	Choice of the pipe construction material

	Special measures
	Heat inactivation
	Monitoring the water quality of bronchoscope and endoscope washers

	Conclusions
	Acknowledgements
	References


