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Monitoring pathogens whose natural habitat is the environment, requires careful consideration of a variety of questions
regarding the target organisms (species, sub-species or ecotypes), the detection level required and the methods to be
employed (culture vs. molecular techniques). These questions, and others, are particularly crucial for monitoring
Mycobacterium avium, an environmental opportunistic pathogen of humans, animals, and poultry. Herein is a discussion
of challenges for M. avium detection and enumeration and guidance for the adaptation of clinical methods to
environmental samples.
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Introduction
If the environment is a proven source for an infectious disease, it is necessary to develop monitoring protocols for these
pathogens to perform risk analysis and estimate the impact of the environmental pathogens on humans and other
susceptible hosts. For instance Mycobacterium avium is a species belonging to the non-tuberculous mycobacteria
(NTM), and an environmental opportunistic pathogen that can be found in various terrestrial and aquatic habitats [1],
including drinking water distribution systems and household plumbing [2]. M. avium detection techniques were mostly
developed for clinical samples and often did not require abundance measurements [3-8]. Development of techniques
for M. avium monitoring has required substantial modification of existing clinical microbiological techniques, because
the patient microbial flora represents a reduced and selected population pool compared to natural and human-engineered
environments [9]. Natural habitats for M. avium are highly heterogeneous and carry a high diversity of microbial
species [10, 11] which may interfere with the detection of NTM. As a consequence, detecting and measuring M. avium
in environmental samples requires modification of classical clinical laboratory protocols in order to study its
distribution and ecology and to carry out risk analysis [12]. Such studies require quantitative results of temporal and
spatial distribution in the different compartments of ecosystems [13]. For instance, the extremely high surface
hydrophobicity of M. avium leads to its preferential attachment to surfaces. As a consequence, M. avium in drinking
water distribution systems and households is growing on pipe surfaces and only present in low numbers in the bulk
water [14]. Moreover, environmental populations of M. avium are highly diverse and may constitute genetic reservoirs
for virulent genotypes which have been yet identified [15-17]. As a result, targeting only the population density (e.g.
M. avium density) may not be a sufficient indicator for risk analysis.

1. Objectives
The monitoring of environmental pathogens requires three invariable elements: (1) a specific and sensitive detection
tool in order to avoid false-positive and false-negative results, (2) a quantitative tool in order to determine the main
natural sources, and (3) a typing tool in order to track them from environment to susceptible hosts. Traditionally
M. avium has been detected in clinical and environmental samples using culture-based techniques; however these
techniques may not be well suited for environmental samples. As M. avium is relatively slow growing compared to
other microorganisms, decontamination of samples from patient or environmental samples have been successfully
developed for M. avium cultivation and enumeration [7, 8, 18, 19]. However, some of these decontamination
procedures are insufficient for environmental samples as non-target species may be resistant to decontamination and
outcompete M. avium on non selective media [12]. Also, decontamination results in loss of mycobacteria [6-8].
Methods based on the polymerase chain reaction (PCR) were also developed for clinical samples. Although these
molecular techniques provide rapid results and permit detection of unculturable cells [20], they are currently limited in
that epidemiological tracing cannot be performed. Molecular techniques (e.g., PCR) that were developed for clinical
samples may also not be adapted to environmental samples. Several biases may arise from the presence of interfering
agents such as organic matter and microorganisms leading to false-negative or -positive results. For example,
polysaccharides and humic and fulvic acids interfere with PCR, thus requiring their removal from samples before DNA
amplification [21-23]. As the spectrum of microorganisms may be wider and more diverse in environmental than in
patient samples, PCR primers for species-, subspecies-, or type-specific amplification reactions should be highly
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specific. Our goal is to propose a guideline (in the form of a decision tree) to help selecting and developing appropriate
tools (culture and non-culture methods) for M. avium monitoring in surface water, treatment plant, water distribution
system, and in the household.

2. General considerations
Depending on the physiological, epidemiological and ecological characteristics of the waterborne microorganisms for
which environmental monitoring studies must be conducted, several analytical points must be taken into account before
development of new analytical methods or before application of previously described methods. Table 1 lists these
considerations, which may be unique to the studied waterborne microorganism, and which integrate analytical points
related to the study as the expected outcome, the favored method, the identification level or the investment and
analytical points related to the nature of the studied matrix, the presence of potential inhibitors or the size of the
samples.
Table 1: List of general considerations for environmental waterborne microorganism monitoring

Analytical points
Relative to the study

Relative to the sample

2.1

Questions
Outcome
Method
Identification level
Investment
Studied matrix
Sample size
Interference

Answers
Detection or enumeration
Cultivation or non-cultivation
Genus, species, subspecies or type
Time, cost
Suspension, biofilm, soil
Volume, concentration
Competitors, inhibitors, pH, salinity

Analytical points related to the study

Concerning M. avium monitoring, studies have demonstrated that it is present in a variety of aquatic environments such
as surface water [9, 24-26], water distribution systems [27], hospital plumbing [28], spas and hot tubs [29], nail salons
[30], and household plumbing [31]. Consequently, measurement of M. avium densities is necessary to rank these
potential sources on the basis of risk. Specifically for M. avium and other slowly growing pathogenic mycobacteria,
non-cultural methods represent an alternative to avoid long cultivation times, especially molecular methods which could
type at the subspecies level members of M. avium in complex matrix. As the M. avium complex consists of four
subspecies, avium, hominissuis, silvaticum, and paratuberculosis, each with a unique ecology and epidemiology, and
genetic variability [15-17], identification of major sources of each requires a quantitative tool which could be able to
distinguish subspecies and type each isolate. Knowledge of the ecological niche of M. avium and its subspecies may be
useful to determine optimal growth conditions and thus improve culture methods. The presence of M. avium in surface
water is correlated with low pH level, presence of humic and fulvic acids, microaerobic conditions [32]. For example,
coastal southeastern United States swamps and peatlands and boreal forest soils of northern Europe and North America
yield high numbers of M. avium [2, 33]. Quite possibly, inclusion of humic and fulvic acids addition to culture media
could stimulate and increase M. avium growth [34] and shorten the time of detection by culture methods. Knowledge of
M. avium ecology could also assist in direction of the sampling strategy. For instance monitoring M. avium in
watersheds should give priority to waters and soils of low pH and high humic and fulvic acid content. Moreover, the
hydrophobicity NTM cell wall, favor their attachment to interfaces (water/solid surface or water/air) and hydrophobic
compounds uptake (such as oil, polycyclic aromatic hydrocarbons). As a consequence it seems preferable to track
M. avium in biofilms of water distribution systems and neuston of surface water, than in bulk water. Indeed, M. avium
is able to form biofilms in water distribution system, particularly M. avium subsp. hominissuis [35] in the presence of
Ca2+, Mg2+ or Zn2+ ions and glucose or peptone as a carbon source [36]. M. avium biofilms in drinking water
distribution systems also protect cells from chlorine exposure [37, 38].
2.2

Analytical points related to the sample

Primary consideration must be placed on estimates of required water sample volumes and whether a concentration step
is required for detection and enumeration. For M. avium monitoring by either culture or molecular techniques, water
sample volumes can range between 50 ml and 1000 ml, and water can be concentrated by centrifugation or filtration
[29, 32, 39-46]. The method and sampling volume will differ according to the anticipated number of M. avium cells, to
the turbidity of the sample that may limit the filtration step, and also to the quantity of non-targeted microorganisms or
PCR inhibitors which may interfere with NTM detection using cultural methods or non-cultural methods, respectively.
For example, M. avium cultivation from spas (hot tubs) [29] or footbaths [30] involved collection using swab samples in
biofilms [30] or centrifugation of high water volumes (400 ml) [29]. PCR-based detection of M. avium
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subspecies paratuberculosis (MAP) was conducted using centrifugation or tangential-flow-filtration of high sample
volume from untreated water (1 liter) and from sewage treatment effluent (10 liter), or very high volume (100 liter)
from surface water [24-26], because of the variability of numbers of MAP in each type of sample. As emphasized
above, the sampling volume of molecular methods is also conditioned by the DNA extraction method to remove PCR
inhibitors [47, 48]. The presence of suspended matter may also determine the choice of the concentration method, as a
filter may rapidly be obstructed by particles [12]. In addition, it is known that Mycobacterium species are present
outside but also inside the soil aggregates [49]. Consequently, isolation of mycobacteria from soil requires the use of
pre-treatment of the sample, which could be homogenized using for example a blender or sonicator [49] before DNA
extraction or decontamination procedures. Most of the time, as M. avium isolation, NTM isolation from water is
performed using concentration procedure prior the decontamination procedure [12, 29, 32, 44-46], and seldom posterior
[43]. Consequently, a future harmonization of sampling volume and concentration method is necessary in order to be
able to compare results of different studies. The choice and improvement of detection methods should also take in
consideration the presence of potential competitors and inhibitors in the sample.

3. Testing methods
3.1

Recovery rate of the targeted microorganism or its DNA

Both culture and molecular methods are dependent upon high percent recovery of the target. In fact, sampling volume
is conditioned by the recovery rate of the targeted organisms, which is closely related to efficiency of the applied
method. Because it is not yet possible to know with certainty the number of any pathogen in an environmental samples
[12], recovery rate of both culture and molecular methods cannot be evaluated directly. However, parallel studies of
M. avium isolation methods using different methods does allow identification of superior methods based on either
number of M. avium or spectrum of types. Further, isolation methods from water or soil samples can be compared by
measurement of the number of non-target contaminants [39, 40]. For M. avium and other mycobacteria, reducing the
number of competitors, able to outgrow and cover mycobacterial colonies, is important. One way around this dilemma
is to inoculate environmental samples in order to compare the efficiencies of isolation methods. One can measure the
survival frequency of target and contaminant cells exposed to chemical disinfectants [41], measure the isolation
frequency of target and non-target microorganisms [50], or independently measure recovery of target and interfering
microorganisms [12] after artificial inoculation of the sample.
3.2

Models based on spiking and growing

When assessing the recovery of a particular pathogen using either a culture- or molecular-based methods for detection,
isolation or enumeration by spiking a sample, an important consideration is the physiological state of the added
microbial cells. Concerning M. avium detection, isolation, or enumeration, the spiking procedure is usually performed
with a reference strain which is cultivated in nutrient-rich laboratory medium before being added into the sample [12,
41, 50]. Firstly, even if several reference strains are used, it can never be representative of all M. avium subspecies or
types or mycobacteria [1]. Secondly, the physiologic state of target or non-target microorganisms from nutrient-rich
laboratory-media into environmental samples is considerably different from the state of those targets in environment.
The targeted NTM from environment are likely more resistant toward isolation procedures (that include disinfectants or
antibiotics), than the spiked reference strain cells, and only a substantial part of the microbial community of
environment is constituted of viable but nonculturable (VBNC) microorganism [51]. Thirdly, without knowing the
recovery rate of the isolation methods, targeted microorganisms are often spiked into the sample using high level of
cells in order to be able to compare methods to each other, which does not reflect the low numbers of environmental
harmful microorganisms.

4. Adaptation of clinical laboratory techniques to environmental monitoring
The different problems which must be resolved in order to adapt cultural or molecular clinical laboratory techniques, to
environmental monitoring of pathogenic microorganisms are listed in Table 2.
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Table 2: List of the problems for adapting clinical laboratory techniques according to the method type

Method
Cultivation

Non-cultivation

4.1

Adaptation problems
- Selectivity of the media used to isolated microorganisms from clinical samples
is not adapted to the environmental samples, which contain a wider diversity
of microorganisms.
- Efficiencies of decontamination procedures used to isolate microorganisms in
clinical samples are low for the treatment of environmental samples, which
contain higher densities and diversity of resistant non-target microorganisms.
- Specificity and sensitivity towards targets of clinical methods are not adapted to
the environmental samples, because they are checked, most of the time,
using microorganisms only isolated from human cases.
- DNA extraction protocols, which were developed to treat medical samples, do
not take into account of the environmental PCR inhibitors.

Case Study: Adaptation of cultural techniques for M. avium

The mycobacterial growth media [39-41], as Löwenstein-Jensen (LJ), Ogawa egg yolk medium (OEY), Ogawa medium
ofloxacin ethambutol (OEOE) and Middlebrook medium (7H10 or 7H11), were developed for the cultivation of
Mycobacterium tuberculosis from clinical samples. The media composition is directed by the nutritional requirements
of M. tuberculosis, not other mycobacteria. As a consequence, those standard mycobacterial media do not provide
optimal growth of mycobacteria that are not members of the M. tuberculosis group. Further, some of the constituents
are there to neutralize the decontaminants used to process sputum; for example oxalic acid and cetylpyridinium chloride
to kill other bacteria and mucolytic agents to break up sputum. However the decontaminating agents used to process
sputum are inadequate for decontamination of environmental samples due, in part, to the great diversity of
microorganisms in environmental samples [10, 11]. Removal of interfering microorganisms is a critical point of
M. avium isolation from environmental samples because the target concentration level is very low. Consequently,
selective M. avium isolation methods (i.e. ability to isolate the targeted microorganism avoiding interfering
microorganism growth) must be improved, for example by antibiotics supplementation in the media [12, 52, 53]. But it
is important to be careful with the choice of antibiotics, because certain can be harmful for the target [12]. Moreover,
selectivity of the media could be improved optimizing pH, nutrient concentration, CO2 and oxygen level that will be
more adapted to M. avium growth. Using media which contain low concentrations of nutrients (including the carbon
source) and using extracellular factors such as resuscitation promoting factor (Rpf), may be a good strategy for
resuscitation of nonculturable dormant cells and thus improve the cultivation of mycobacteria from environmental
samples [54].
4.2

Case Study: Adaptation of non-cultural techniques for M. avium

The specificity (i.e. the proportion of true negatives that are correctly identified by the test) is measured using strain
collections of non-target microorganisms (negative control) [55-58]. The sensitivity (i.e. the proportion of true
positives that are correctly identified by the test) of molecular methods is tested using populations of target
microorganisms (positive control) [55-58]. Consequently, specificity and sensitivity (as defined above) of a molecular
method originally developed for clinical samples must be checked before application to environmental samples. More
precisely, as the spectrum of environmental microorganisms may be different than that found in clinical samples,
measurements of specificity and sensitivity should include environmental strains and not only clinical strains.
Moreover, the specificity and sensitivity of molecular methods should not be evaluated only using in silico analysis, but
should always be confirmed in vitro using target and non-target strains [5, 33, 59-61].
Sensitivity, as defined above for diagnostic tests, should not be confused with the limit of detection (LOD) of a
particular molecular method. Contrary to environmental samples whose volume can be modulated, the LOD of noncultural methods applied to clinical samples must be taken into account. But, as clinical samples, the yield of DNA
extraction from environmental samples must be high enough in order to avoid false-negative results. Moreover, as
emphasized previously, DNA extraction method must be able to remove PCR inhibitors from environmental samples.
Although different DNA extraction procedures have been developed for detection or enumeration of M. avium [47, 62]
or other microorganisms from environmental samples [63, 64], their effectiveness in removal of PCR inhibitors have
not been assessed against a wide variety of sample types [47, 62-64]. Concerning the LOD, colony counts are used as
the reference or “gold standard” for determining the limit of detection of non-cultural methods for detection or
enumeration. That reference is based on the assumption that every viable cell in a population can form a colony.
However, that is not necessarily the case; witness the number of reports of VBNC microorganisms [20, 51, 65].
Further, as culture conditions for a substantial proportion of microorganisms in a population have not been identified, it
would follow that molecular methods would be superior as potentially all microorganisms could be detected, identified,
and enumerated.
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5. Culture or non-culture methods?
Tables 3 and 4 sum the advantages and disadvantages of cultural and non-cultural methods. These tables could serve as
a guide for selecting a method for monitoring an environmental pathogen.
5.1

Culture methods

As shows in Table 1, the main advantage of cultural methods resides in their low cost and the ability to extend the
investigation to including identification, physiology profiling, or genetic analyses. For M. avium , identification can be
performed by cultural and biochemical analysis [66], analysis of mycobacterial (mycolic acids by high performance
liquid chromatography (HPLC) [67-78], or multilocus sequencing analysis (MLSA) of genes such as rrs, gyrA, gyrB,
hsp65, recA, rpoB, sodA or the 16S-23S internal transcribed spacer [79, 80]. Isolation of M. avium colonies allows
analysis of such physiologic characteristics as growth requirements (e.g., auxotrophy, iron) and growth conditions (e.g.,
response of growth to different oxygen concentrations) [81]. Genetic analysis has led to knowledge of NTM complete
genomes (e.g. M. abscessus, M. avium, M. gilvum, M. marinum, M. smegmatis, M. ulcerans, M. vanbaalenii) [82-84].
In order to carry out molecular epidemiology studies and library-dependant source tracking, several clinical and
environmental NTM isolates can be now fingerprinted. Indeed, the typing methods of NTM strains were recently
reviewed [85]. Today, M. avium and other slow growing NTM such as M. kansasii, M. xenopi, M. malmoense,
M. haemophilum and M. ulcerans, and rapid growing mycobacteria as M. fortuitum, M. abscessus and M. chelonae can
be characterized using serotyping, biotyping, multi-locus enzyme electrophoresis (MLEE), plasmid profiling, repetitive
sequence typing (rep-PCR), arbitrary primed PCR (AP-PCR), pulsed field gel electrophoresis (PFGE), and insertion
sequence restriction fragment length polymorphism (IS-RFLP) [85].
Nevertheless, as shown in Table 3, the choice of cultural methods poses several problems. Although the media and
the culture conditions of M. avium appear to generally involve either primary plating on either Löwenstein-Jensen or
Middlebrook agar media, not all M. avium colonies can be detected. Principally, the virulent transparent colony types
are almost invisible on Löwenstein-Jensen medium. Although a temperature of 30°C can be used for growth, that is
below the optimal temperature of growth for most mycobacterial species, including M. avium. However, higher
temperatures exclude recovery of a number of pathogens; for example, Mycobacterium haemophilum, and
Mycobacterium marinum.
Table 3: Advantages and disadvantages of cultivation methods

Advantages
Identification
Physiological analysis
Genetic analysis
Fingerprinting
Inexpensive, no special equipment required

5.2

Disadvantages
Choice of media
Choice of culture conditions
Growth of interfering microorganisms
Fast growing organisms are favored
Time consuming
Bias of viable but non cultivable targets

Non-cultural methods

As in other fields of the microbiology, advances in molecular biology for 20 years have increased considerably the
knowledge of mycobacteriology [86]. As shown in Table 4, non-cultural methods are of great interest because these
high throughput methods allow to detection of unculturable microorganisms and are less time-consuming, particularly
for NTM which grow very slowly. Moreover, contrary to the cultural methods, the non-cultural methods are able to
detect specifically a target without other complementary investigations as identification, which saves also a
considerable amount of time. The majority of mycobacterial detection methods are based on PCR [57, 59], PCR and
probe hydrolysis [5], sandwich hybridization [61], real-time PCR [58, 60], PCR and dot blot [55, 56] and target the
16S rRNA gene [5, 55, 56, 59-61] or genes such as rpoB [57] or hsp65 [58]. Recently, some studies describe methods
to detect and fingerprint mycobacterial assemblages using denaturing gradient gel electrophoresis (DGGE) and
targeting the 16S rRNA gene [33, 87-91]. Nevertheless, no study has managed to compare specificity, sensitivity, and
limit of detection of these methods which target different genes and also different loci in these genes.
A clear advantage of non-culture methods is their ability to detect VBNC. Unfortunately, non-cultural methods can
amplify extracellular DNA and do not differentiate viable microorganisms from non-viable microorganisms. Indeed,
DNA persists a relatively long time after cell death, and consequently molecular methods have been developed to detect
viable cells by amplifying mRNA using reverse transcriptase PCR (RT-PCR or RT-qPCR). However, RT-PCR methods
are difficult to implement due to the instability of RNA [92].
Recently, ethidium monoazide bromide (EMA) was proposed in order to differentiate viable of non-viable cells in
environmental samples from wastewater treatment samples. EMA is a DNA/RNA intercalating dye that enters in cells
with damaged membranes and covalently binds to DNA upon photoactivation which avoid other molecular applications
as PCR [93]. This approach is of growing interest, but optimum conditions must still be determined for each sample
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due to sample matrix effects [20]. Moreover, and this analytical bias is seldom taken into account, PCR reactions can
also be inhibited by high DNA concentrations. Indeed, as in clinical samples, reactions for molecular detection or
enumeration developed for environmental samples, require dilution of the samples if the total extracted DNA inhibits
the PCR reaction. Such cases decrease the detectable quantities of the targets, and can lead to fault negative results.
If a NTM quantitative method is based on 16S rRNA analysis, a bias can occur due to the copy number of 16S rRNA
operons [5, 55, 56, 59-61]. With the exception of the rapidly growing species M. chelonae, M. abscessus and M. alvei
which contain one copy of 16S rRNA [82, 94], and the slowly growing species M. terrae and M. celatum which contain
two copies of 16S rRNA [95, 96], the other rapid and slow growing mycobacteria (including M. avium), already
studied, contain generally two and one copy of 16S rRNA, respectively. Consequently, the use of a mycobacterial
strain DNA containing one 16S rRNA copy as standard, could overvalue a sample constituted of fast growing NTM
containing two 16S rRNA copies, and in reverse, the use of strain DNA containing two 16S rRNA copies, could
undervalue a sample mainly constituted of slow growing cells containing one 16S rRNA copy. The same problem
occurs when the insertion sequences are used for measurement. For example, insertion sequence IS900, which is
considered specific for MAP [24, 25] has 17 repeats in the reference genome of MAP strain K10 [83]. However, the
copy number ranges between 14-20 times in other MAP strains [97, 98]. Consequently, real-time qPCR methods
targeting the insertion sequence IS900 can be used to detect MAP [62], but not to enumerate these subspecies [97].
Table 4: Advantages and disadvantages of non-cultivation methods

Advantages
Rapid
High throughput methods (many samples can be
analyzed simultaneously)
Specifically identification of the targets without any
other investigations
No bias of viable but non cultivable targets

Disadvantages
Inhibition of amplification by PCR inhibitors
Inhibition of amplification by high DNA
concentration
Bias of quantitative methods based on genes with
variable number of copies
Bias of non-viable targets and extracellular DNA
Bias due to differential efficiency among species of
DNA extraction and PCR amplification
Expensive chemicals and equipment

6. Mycobacteria monitoring guideline
The possibilities for M. avium monitoring in environmental water are summed up in Figure 1. We do not propose an
ideal method, but a tool box containing several methods which can be used in combination depending upon the
objective of the exercise and the anticipated problems. Indeed, “what is our purpose?” is the first question which must
be asked. This question will condition the choice of the analytical tools that can be used independently or in
combination. Currently, as M. avium typing and source tracking still requires the isolation of strains, non-cultural
typing methods must also be developed. Developments of cultural and non-cultural methods must be checked in vitro
and not only in silico, and must take into account of sensitivity (i.e. ability to not detect the non-targeted
microorganisms) and specificity (i.e. ability to detect all type of targeted microorganisms), using strain collections
isolated from the studied matrix, and avoiding targets whose copy number is variable. Concerning cultural methods
applied to environmental samples, quantitative tools could be developed using new inhibitors of interfering
microorganisms and stimulating NTM growth based on better knowledge of their physiology and ecology. Typing
methods of the isolated NTM could be developed for NTM species which cannot be currently characterized [85]. This
decision tree of the adequate analytical strategy can be applied to environmental monitoring of other waterborne
pathogens, but also to monitor NTM that can be useful for bioremediation and biotechnology purpose. For instance
NTM species (not pathogenic and also pathogenic ones) are known to degrade recalcitrant organic pollutants such as
polycyclic aromatic hydrocarbons (PAH) and other xenobiotic molecules [99-107]. The methods developed for
pathogenic NTM monitoring in environment could be used for PAH degrader mining and monitoring in polluted
environment or in bioreactors.

1556

©FORMATEX 2010

Current Research, Technology and Education Topics in Applied Microbiology and Microbial Biotechnology
A. Méndez-Vilas (Ed.)
_______________________________________________________________________________________

Fig. 1 Decision tree showing current possibilities (full lines) and future challenges (dotted lines) for environmental waterborne
mycobacteria monitoring. Rectangles, circles and rhombuses correspond to the goals, to the questions which must be answered, and
to the actions which must be conducted, respectively. PCR corresponds to polymerase chain reaction.
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