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The multiplication of opportunistic pathogens in drinking water supplies might pose a threat to public health. In this study, dis-
tributed unchlorinated drinking water from eight treatment plants in the Netherlands was sampled and analyzed for fungi, non-
tuberculous mycobacteria (NTM), and several opportunistic pathogens by using selective quantitative PCR methods. Fungi and
NTM were detected in all drinking water samples, whereas Legionella pneumophila, Pseudomonas aeruginosa, Stenotrophomo-
nas maltophilia, and Aspergillus fumigatus were sporadically observed. Mycobacterium avium complex and Acanthamoeba spp.
were not detected. Season had no influence on the occurrence of these organisms, except for NTM and S. maltophilia, which
were present in higher numbers in the summer. Opportunistic pathogens were more often observed in premise plumbing water
samples than in samples from the distribution system. The lowest number of these organisms was observed in the finished water
at the plant. Thus, fungi, NTM, and some of the studied opportunistic pathogens can multiply in the distribution and premise
plumbing systems. Assimilable organic carbon (AOC) and/or total organic carbon (TOC) had no clear effects on fungal and
NTM numbers or on P. aeruginosa- and S. maltophilia-positive samples. However, L. pneumophila was detected more often in
water with AOC concentrations above 10 �g C liter�1 than in water with AOC levels below 5 �g C liter�1. Finally, samples that
contained L. pneumophila, P. aeruginosa, or S. maltophilia were more frequently positive for a second opportunistic pathogen,
which shows that certain drinking water types and/or sampling locations promote the growth of multiple opportunistic
pathogens.

Most microorganisms are nonpathogenic to humans, but cer-
tain microbial species are highly virulent, causing disease in

immunocompetent humans. Other microorganisms are moder-
ately to weakly virulent and can cause disease in immunocompro-
mised humans. These organisms are known as opportunistic
pathogens, and some of them can grow in drinking water or drink-
ing water-related biofilms (1). Legionella pneumophila is the best
known example of an opportunistic pathogen that can multiply in
drinking water-related biofilms and cause disease in (immuno-
compromised) humans (2–5). In addition, certain species of non-
tuberculous mycobacteria (NTM) (e.g., Mycobacterium avium,
Mycobacterium kansasii), Acanthamoeba, and Burkholderia pseu-
domallei isolated from drinking water can also be genotypically
identical to strains isolated from patients (6–10). Others have
shown that certain strains of Pseudomonas aeruginosa, Stenotroph-
omonas maltophilia, and Burkholderia cepacia complex isolated
from sinks, taps, shower heads, bathtubs, and bathing toys have
been identical to strains isolated from patients (11–16). These
observations imply that drinking water may be a vehicle for the
spread of several opportunistic pathogens.

Two trends might impact the occurrence of these opportunis-
tic pathogens in drinking water. First, global warming, due to
climate change, results in higher surface and drinking water tem-
peratures (17). It is expected that growth of most opportunistic
pathogens in drinking water will be enhanced when water temper-
atures rise above 20 to 25°C (18). Second, the number of immu-
nocompromised humans, who are vulnerable for infection with
opportunistic pathogens, will increase further in the First World
because of the aging of the population and the longer life spans of
patients who suffer from serious diseases (e.g., HIV, cancer, cystic
fibrosis) (19). Both trends rationalize the need for further research
on the occurrence of opportunistic pathogens in drinking water.

In the Netherlands, drinking water is distributed without a

disinfectant residual but with very low concentrations of biode-
gradable organic carbon. Whether these low concentrations of
biodegradable organic carbon prevent regrowth of opportunistic
pathogens in the distribution and premise plumbing system is not
known. Based on a literature study that investigated the potential
impact on public health of several opportunistic pathogens capa-
ble of multiplying in drinking water-related biofilms, priority for
further research in the Netherlands was given to L. pneumophila,
NTM, pathogenic fungi, P. aeruginosa, and S. maltophilia (18).
Molecular methods have been developed to detect these opportu-
nistic pathogens in drinking water, and in a preliminary study that
investigated the distributed unchlorinated drinking water from
two treatment plants in the Netherlands, some opportunistic
pathogens were found (18). Consequently, a more comprehensive
study on the occurrence of these organisms in the unchlorinated
drinking water in the Netherlands was conducted. The objectives
of this study were to determine (i) the effects of the source (surface
water versus groundwater), the season (winter versus summer),
and the premise plumbing system on the occurrence of opportu-
nistic pathogens (L. pneumophila, NTM, M. avium complex,
fungi, Aspergillus fumigatus, P. aeruginosa, S. maltophilia, and
Acanthamoeba spp.) in drinking water and (ii) the relationship
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between opportunistic pathogens in drinking water and other pa-
rameters (temperature, water composition, ATP, total cell num-
bers, and numbers of Aeromonas CFU).

MATERIALS AND METHODS
Sampling. The distributed unchlorinated drinking water from five treat-
ment plants that used surface water (plants SW1, SW2, SW3, SW4, and
SW5) and three treatment plants that used groundwater (plants GW1,
GW2, and GW3) were analyzed. The drinking water produced at these
plants differed in total organic carbon (TOC) and easily assimilable or-
ganic carbon (AOC) concentrations, and the heterotrophic plate counts
(HPC) in the distributed drinking water differed as well (Table 1). These
eight distribution systems were sampled in the winter (January through
March) and the summer (August through September) of 2010. Drinking
water samples (2 liters each) were taken from the kitchen cold-water tap of
different houses (plant SW1, 13 houses; SW2, 13 houses; SW3, 11 houses;
SW4, 11 houses; SW5, 13 houses; GW1, 12 houses; GW2, 10 houses; GW3,
10 houses) connected to the distribution system of each treatment plant,
and the water temperature was measured immediately after each sample
was taken. One sample was also taken of the treated water at each treat-
ment plant in the summer, except for plant SW3. Samples at the tap were
taken according to the Dutch drinking water decree so that they would
represent drinking water from the distribution system. In short, each tap
was flushed until the water temperature remained stable for 30 s, and the
drinking water was subsequently sampled. Exceptions to this procedure
were made for samples collected from the distribution systems of plants
SW2 and SW3 in the summer, which were taken directly from the tap
without prior flushing. These samples represented drinking water from
the premise plumbing systems. The water samples were transported and
stored at 4°C and processed within 24 h after collection.

DNA isolation. A volume of 1,000 ml was filtered through a 25-mm
polycarbonate filter (0.22-�m pore size, type GTTP; Millipore, the Neth-
erlands). The filter and a DNA fragment of an internal control were added
to phosphate-MT buffer in a lysing matrix E tube of the FastDNA spin kit
for soil (Qbiogene, Inc., Carlsbad, CA) and stored at �20°C. The internal
control was used to determine the recovery efficiency of DNA isolation
and PCR analysis (20). DNA was isolated according to the supplier’s pro-
tocol. The filter, DNA fragment, and buffer were processed for 30 s at
speed 5.5 in a FastPrep instrument. Subsequently, the lysing matrix E
tubes were centrifuged for 30 s at 14,000 � g. The supernatant was trans-
ferred to a clean tube, and 250 �l protein precipitation solution (PPS)
reagent was added and subsequently mixed by hand for 10 min. The tubes
were centrifuged for 5 min at 14,000 � g. Subsequently, the supernatant
was transferred to a clean 15-ml tube, and 1 ml binding matrix suspension
was added. Tubes were subsequently inverted by hand for 2 min and

placed in a rack for 3 min. Five hundred microliters of supernatant was
carefully removed and discarded. Approximately 600 �l of the mixture
was added to a spin filter and centrifuged for 1 min at 14,000 � g. Subse-
quently, the catch tube was emptied, and the remaining supernatant was
added to the spin filter and centrifuged again for 1 min at 14,000 � g.
Next, 500 �l salt-ethanol wash solution (SEWS-M) was added to the spin
filter and subsequently centrifuged for 1 min at 14,000 � g. Subsequently,
the spin filter was replaced in the catch tube and centrifuged for 2 min at
14,000 � g. Afterward, the spin filters were placed in fresh kit-supplied
catch tubes, and the filters were air dried for 5 min. After drying, 200 �l
DNA elution solution (DES) was added, and the matrix on membrane was
gently stirred with a pipette tip. Finally, the spin filters and the catch tubes
were centrifuged for 1 min at 14,000 � g. The eluted DNA was subse-
quently kept at �80°C.

Quantitative PCR analyses. The numbers of gene copies of the op-
portunistic pathogens in the drinking water samples were determined
with previously developed quantitative PCR (qPCR) analyses for drinking
water samples (18). These qPCR methods target the macrophage infectiv-
ity potentiator (mip) gene of L. pneumophila, the 16S rRNA gene of My-
cobacterium spp., the 16S rRNA gene of M. avium complex, the 18S rRNA
gene of fungi, the 28S rRNA gene of Aspergillus fumigatus, the regA gene of
P. aeruginosa, the chiA gene of S. maltophilia, and the 18S rRNA gene of
Acanthamoeba spp. (18). Reaction mixtures for PCR analyses contained
25 �l of 2� IQTM SYBR green supermix (Bio-Rad Laboratories BV,
Veenendaal, the Netherlands), 0.2 �M each primer and, if applicable,
probe, 0.4 mg ml�1 bovine serum albumin, and 10 �l DNA template in a
total volume of 50 �l. Amplification, detection, and data analysis were
performed in an iCycler iQ real-time detection system (Bio-Rad Labora-
tories BV). Primer-probe sequences and the amplification programs are
shown in Tables S1 and S2 in the supplemental material. The PCR cycle
after which the fluorescence signal of the amplified DNA is detected
(threshold cycle [CT]) was used to quantify the gene copy concentrations.
Quantifications were based on comparison of the sample CT value with
the CT values of a calibration curve based on known copy numbers of the
respective gene from the different microorganisms.

Other microbiological parameters. The ATP concentration in each
drinking water sample was determined by measuring the amount of light
produced in the luciferin-luciferase assay as described by van der Wielen
and van der Kooij (21). The numbers of total and membrane-intact cells
were determined using a flow cytometer. In short, 1 ml of a water sample
was incubated with 10 �l SYBR green (100� dilution of a 10,000� con-
centrate) (Invitrogen, Carlsbad, CA) and 10 �l propidium iodide (50
�g/ml) (BD) and stained for 15 min at room temperature. Subsequently,
membrane-intact and membrane-disrupted cells were counted on a
FACSCalibur flow cytometer (BD, Breda, the Netherlands). The numbers
of Legionella CFU were determined using buffered charcoal yeast extract
agar according to NEN standard 6265 (22). The numbers of P. aeruginosa
CFU were determined using Pseudomonas agar base supplemented with
CN agar according to ISO standard 16266 (23). Aeromonas was deter-
mined because Aeromonas has to be monitored as an indicator for re-
growth in drinking water according to the Dutch drinking water decree.
The numbers of CFU were determined using ampicillin dextrin agar (24).

Statistical analyses. The log-transferred values of the 18S rRNA gene
copy numbers of fungi and the 16S rRNA gene copy numbers of myco-
bacteria were normally distributed according to the Kolmogorov-Smir-
nov test. Consequently, significant differences in these gene copy numbers
between winter and summer samples were determined using the t test,
whereas significant differences between treatment plants were determined
using analysis of variance (ANOVA) with the Bonferroni post hoc test.
Whether the percentage of samples positive for L. pneumophila, P. aerugi-
nosa, S. maltophilia, or A. fumigatus was statistically different between
winter and summer samples was determined using the nonparametric
Mann-Whitney test. Pearson correlation analyses were performed on pa-
rameters that were normally distributed according to the Kolmogorov-

TABLE 1 Water source used for drinking water production, TOC and
AOC concentrations in treated water, and heterotrophic plate counts on
plate count agar at 22°C in distributed drinking water

Plant Source

Yearly mean (� SD)

TOC
(mg liter�1)

AOC
(�g C liter�1)

HPC (CFU ml�1)
(yearly geometric
mean �/
geometric SD)

SW1 Surface water 2.5 � 0.7 18.4 � 6.9 13.7 �/0.7
SW2 Surface water 1.6 � 0.1 14.7 � 4.0 8.3 �/1.0
SW3 Surface water 1.7 � 0.2 28.2 � 8.0 8.5 �/1.0
SW4 Surface water 2.3 � 0.3 4.5 � 0.9 3.3 �/0.8
SW5 Surface water 3.1 � 0.5 20.4 � 7.7 7.5 �/0.8
GW1 Groundwater 0.5 � 0.1 3.1 � 1.9 1.1 �/1.0
GW2 Groundwater 2.1 � 0.1 NDa 3.1 �/0.6
GW3 Groundwater 7.9 � 0.6 14.8 � 5.9 13.3 �/0.5
a ND, not determined.
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Smirnov test. Differences and correlations were considered statistically
significant when the P value was �0.01.

RESULTS
Occurrence. The percentage of drinking water samples that tested
positive for opportunistic pathogens and the range of the observed
gene copy numbers for each opportunistic pathogen are shown in
Table 2. The 18S rRNA gene of fungi and the 16S rRNA gene of
NTM were observed in all drinking water samples, and the num-
bers varied between 1.9 � 104 to 8.7 � 106 and 2.0 � 104 to 1.3 �
107 gene copies liter�1, respectively. In contrast, the 16S rRNA
gene of M. avium complex and the 18S rRNA gene of Acantham-
oeba spp. were not observed in any of the drinking water samples,
meaning that gene copy numbers were below 200 per liter. The
28S rRNA gene of A. fumigatus was detected only in drinking
water from the distribution system of plant SW5, with gene copy
numbers ranging from �200 to 7.9 � 102 per liter.

The mip gene of L. pneumophila was detected in the distribu-
tion system of five of the eight treatment plants (SW1, SW2, SW3,
SW5, and GW3), although most distribution locations at four of
these five plants were negative (Table 2). Drinking water samples
taken from the distribution system of plant SW2 in the summer
were all positive for the mip gene of L. pneumophila. However, L.
pneumophila could not be cultivated from any of the drinking
water samples (�100 CFU liter�1).

The regA gene of P. aeruginosa was observed in the distribution
system of plants SW2, SW3, SW4, GW2, and GW3, with gene copy
numbers ranging from �200 to 4.4 � 103 liter�1 (Table 2). Al-
though the regA gene of P. aeruginosa was observed in five drink-
ing water samples in the summer, P. aeruginosa could not be cul-
tivated from these samples (�10 CFU liter�1). In contrast, P.
aeruginosa was cultivated from two distributed drinking water
samples (10 CFU liter�1) from plant GW1, where the regA gene of
P. aeruginosa was below the detection limit (�200 gene copy
numbers liter�1). The chiA gene of S. maltophilia was observed in
several samples of the distribution system from plants SW2, SW3,
SW4, SW5, and GW3, and gene copy numbers ranged from �412
to 1.1 � 104 liter�1 (Table 2).

Effect of season. The drinking water temperatures were signif-
icantly higher in the summer in the distribution systems of all
treatment plants (P � 0.01). These temperatures were, on average,
8.7 to 14.8°C higher in the summer than in the winter (see Fig. S1
in the supplemental material). The 18S rRNA gene copy numbers
of fungi in the distributed drinking water of most treatment plants
were higher in the summer than in the winter (Fig. 1A). However,
only at treatment plants SW3 and SW5 were the gene copy num-
bers of fungi in the distribution systems significantly higher in
summer than in winter (P � 0.01). The 16S rRNA gene copy
numbers of NTM were significantly higher in summer than in
winter in the distribution systems of plants SW1, SW2, SW3,
GW1, GW2, and GW3 (P � 0.01) (Fig. 1B). Thus, the gene copy
numbers of mycobacteria were affected by season and/or temper-
ature in most of these distribution systems.

The percentages of drinking water samples that were positive
for the mip gene of L. pneumophila were higher in the summer
than in the winter for plants SW1, SW2, and SW3 (Fig. 2). In
contrast, lower numbers of drinking water samples in the distri-
bution systems of plants SW5 and GW3 were positive for the mip
gene of L. pneumophila in the summer than in the winter. However,
only at plant SW2 were these differences significant (P � 0.01). The
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numbers of samples positive for the regA gene of P. aeruginosa
were higher in the summer than in the winter in the distribution
systems of plants SW3 and GW2, whereas the number of P. aerugi-
nosa-positive samples was higher in the winter in the distribution
systems of plants SW2, SW4, and GW3 (Fig. 2). Only in the dis-
tribution system of plant GW3 were these differences significant
(P � 0.01). In general, no clear seasonal effects on the occurrence
of L. pneumophila and P. aeruginosa were observed, similar to the
results for fungi.

The percentages of samples that were positive for the chiA gene
of S. maltophilia in the distribution systems of plants SW2 and
SW3 were significantly higher in the summer than in the winter
(P � 0.01; Fig. 2). The chiA gene of S. maltophilia was observed in
the distribution systems of plants SW4, SW5, and GW3 as well,
but again, only in the summer samples. The 28S rRNA gene of A.
fumigatus was also observed in drinking water samples obtained in
the summer, but only in the distribution system of plant SW5.

Differences among treatment plants. In the winter, the 18S
rRNA gene copy numbers of fungi in drinking water sampled
from the distribution systems of plants SW1 and GW3 were the
highest (Fig. 1A). These values were significantly higher than fun-
gal gene copy numbers in the distribution systems of plants SW3
and GW2 (P � 0.01). In the summer, fungal 18S rRNA gene copy
numbers were high in the distribution systems of plants SW1,
SW2, SW3, and GW3. Gene copy numbers in the distributed
drinking water from plant SW3 were significantly higher than in
the water from plants SW4 and GW2 (P � 0.01). The 16S rRNA
gene copy numbers of mycobacteria did not differ significantly
between drinking water samples from the different treatment
plants in the winter period (Fig. 1B). In the summer, the 16S rRNA
gene copy numbers of NTM in the distributed drinking water
samples from plants GW1 and SW5 were significantly lower than
in distributed water samples from plants SW1, SW2, GW2, and
GW3 (P � 0.01).

L. pneumophila, P. aeruginosa, S. maltophilia, and A. fumigatus
were rarely or not detected in drinking water samples from the

FIG 1 Geometric means (� standard deviation) of the 18S rRNA gene copies
of fungi (A) and the 16S rRNA gene copies of mycobacteria (B) in drinking
water from the distribution systems of eight different treatment plants sam-
pled in the winter and the summer of 2010. The geometric means (� standard
deviation) are based on 13 (SW1, SW2, SW5), 12 (GW1), 11 (SW3, SW4), or
10 (GW2, GW3) samples.

FIG 2 Percentages of drinking water samples positive for L. pneumophila, P. aeruginosa, S. maltophilia, and A. fumigatus. Drinking water was sampled from the
distribution systems of eight different treatment plants in the winter (W) and the summer (S) of 2010. The stars indicate percentages of positive samples in the
winter and the summer that were significantly different (P � 0.01).
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distribution systems of plants SW1, GW1, and GW2, whereas dis-
tributed drinking water from the other plants was more often
positive for L. pneumophila (SW1, SW2, SW3, SW5, and GW3), P.
aeruginosa (SW2, SW3, SW4, and GW3), S. maltophilia (SW2,
SW3, GW2, and GW3), and/or A. fumigatus (SW5) (Fig. 2). These
results make it difficult to determine whether the numbers of these
opportunistic pathogens differ significantly between the distribu-
tion systems because the organisms were not or only sporadically
detected in drinking water sampled from them.

Effect of distribution. The treated water at the plants was also
sampled in the summer and compared to distributed water. In six
of the seven treatment plants, the 18S rRNA gene copy numbers of
fungi were higher in the distribution system than in the treated
water (Fig. 3A). These gene copy numbers were, on average, 1.5 to
26 times higher in the distribution system than in the treated wa-
ter. The 16S rRNA gene copy numbers of mycobacteria were also
higher in the distribution system than in the treated water, with
gene copy numbers in the distribution system being, on average, 6
to 38 times higher than in the treated water (Fig. 3B). These results
demonstrate that fungal and mycobacterial numbers increase
during distribution, which suggests that these organisms multiply
in the distribution system.

L. pneumophila, P. aeruginosa, S. maltophilia, and A. fumigatus

were not detected in the treated water sampled prior to distribu-
tion. In contrast, several samples in the distribution systems of a
number of these plants were positive for these organisms. Al-
though treated water could only be tested at one location at each
plant, the combined results imply that L. pneumophila, P. aerugi-
nosa, S. maltophilia, and A. fumigatus proliferate in the drinking
water distribution systems of some treatment plants.

Relationship with other microbiological parameters. The
ATP concentrations, cell counts, and numbers of Aeromonas CFU
are shown in Table S3 in the supplemental material. Most rela-
tions between ATP, total cell number, and total membrane-intact
cell number or number of Aeromonas CFU and fungal 18S rRNA
or mycobacterial 16S rRNA gene copy numbers were statistically
significant, but the R2 values were low in general (�0.3) (Table 3).
Hence, relationships are weak, and more than 70% of the varia-
tions in gene copy numbers of fungi or mycobacteria are not re-
flected in the variations of the other microbiological parameters.

To investigate whether there was an increased risk that samples
contained multiple opportunistic pathogens (L. pneumophila, P.
aeruginosa, S. maltophilia, or A. fumigatus), the numbers and per-
centages of drinking water samples in the distribution systems that
tested positive for a certain opportunistic pathogen were used to
calculate the numbers of samples that would be expected to be
positive for two opportunistic pathogens. These calculated sam-
ples were compared to the numbers of samples in which two op-
portunistic pathogens were detected (Table 4). The results dem-
onstrate that the numbers of drinking water samples positive for
both P. aeruginosa and L. pneumophila or P. aeruginosa and S.
maltophilia were approximately two times higher than expected.
Moreover, the numbers of drinking water samples positive for L.
pneumophila and S. maltophilia were four times higher than ex-
pected (Table 4).

DISCUSSION
Occurrence of opportunistic pathogens. Despite the differences
in water quality at the eight treatment plants, all analyzed drinking
water samples contained the 18S rRNA gene of fungi and the 16S
rRNA gene of mycobacteria. Moreover, gene copy numbers in-
creased in the distribution systems, indicating that these organ-
isms were capable of multiplying in all analyzed drinking water
distribution systems. Thus, fungi and mycobacteria seem to be
adapted to the oligotrophic drinking water ecosystems in the
Netherlands. Previous studies in other countries have also identi-
fied fungi in unchlorinated and chlorinated drinking water (25–

FIG 3 Geometric means (� standard deviation) of the 18S rRNA gene copies
of fungi (A) and the 16S rRNA gene copies of mycobacteria (B) in finished
drinking water of seven different treatment plants and in their corresponding
distribution systems. The geometric means (� standard deviation) are based
on 13 (SW1, SW2, SW5), 12 (GW1), 11 (SW4), or 10 (GW2, GW3) samples
taken from the distribution systems.

TABLE 3 Data from correlation analysis between log-transformed gene
copy numbers of fungi or mycobacteria and ATP or log-transformed
total cells, total membrane-intact cells, and Aeromonas CFU that were
measured in drinking water samples from the distribution systems of
eight different treatment plants in the winter and summer of 2010

Parameter 1 Parameter 2 P value R2

ATP Gene copies of fungi �0.01 0.09
Total cells Gene copies of fungi �0.01 0.05
Total membrane-intact cells Gene copies of fungi �0.01 —a

Aeromonas CFU Gene copies of fungi �0.01 0.29
ATP Gene copies of mycobacteria �0.01 —
Total cells Gene copies of mycobacteria �0.01 —
Total membrane-intact cells Gene copies of mycobacteria �0.01 0.07
Aeromonas CFU Gene copies of mycobacteria �0.01 0.17
a —, no R2 calculated.
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34). Some of these studies reported lower numbers of samples
positive for fungi or lower fungal numbers in drinking water de-
rived from groundwater than in drinking water derived from sur-
face water, which is in contrast to our findings. This apparent
difference can be explained by the different methods used to
quantify fungi. In the previously published studies, cultivation
methods were used to quantify fungi, and not all fungal species
from drinking water can be cultivated yet (18). Another possible
explanation is that fungal 18S rRNA gene copy numbers might
give an overestimation of fungal cells in drinking water samples,
since fungal cells can contain up to 100 copies of the 18S rRNA
gene (35).

The presence of fungi in drinking water does not imply the
occurrence of opportunistic pathogenic fungi, since most fungal
species are nonpathogenic to humans. Still, a previous study iden-
tified 18S rRNA genes of opportunistic pathogenic fungi in un-
chlorinated drinking water samples in the Netherlands (e.g.,
Aspergillus restrictus, Cladosporium cladosporioides) (18). More-
over, we observed the opportunistic fungal pathogen A. fumigatus
in some distribution samples from treatment plant SW5. Other
studies, using cultivation-based methods, have also identified A.
fumigatus in drinking water samples (25, 26, 28, 30, 36). An epi-
demiological link between A. fumigatus strains from patients and
drinking water has been suggested (25, 36, 37), but additional
studies are required to determine whether A. fumigatus strains
from drinking water samples are identical to clinical strains.

NTM were observed in drinking water by others using cultiva-
tion methods, but the numbers of positive samples ranged from
15% to 83% (8, 38–43), lower than the 100% positive drinking
water samples observed with qPCR in our study. A recent study
demonstrated that cultivation methods give an underestimation
of NTM in drinking water compared to estimation with qPCR
(40). Thus, the use of qPCR methods in our study explains the
differences with the other studies where cultivation methods were
used to quantify NTM. qPCR detects cultivable, viable but non-
cultivable, and dead NTM, which could be the reason for the
higher numbers detected with qPCR than with cultivation-based
methods. Only a limited number of mycobacterial species are op-
portunistic pathogens (e.g., Mycobacterium abscessus, M. avium,
Mycobacterium intracellulare, Mycobacterium chelonae, Mycobac-
terium cosmeticum, Mycobacterium fortuitum, Mycobacterium gor-
donae, Mycobacterium kansasii, Mycobacterium mucogenicum,
Mycobacterium phocaicum, Mycobacterium malmoense, Mycobac-
terium margeritense, Mycobacterium massiliense, Mycobacterium
simiae, and Mycobacterium xenopi) (44, 45). Consequently, it re-
mains uncertain whether opportunistic pathogenic mycobacteria
were present in the drinking water samples analyzed in our study.
In addition, we did not observe the opportunistic pathogen M.
avium complex in any of the unchlorinated drinking water sam-
ples, which is in contrast to studies on drinking water in the

United States (6, 39, 42, 46, 47). Bacteria belonging to the M.
avium complex are resistant to chlorine or chloramine (48, 49),
and the use of these disinfectants in drinking water in the United
States might select for these bacteria. In the Netherlands, drinking
water is distributed without a disinfectant residual; therefore, se-
lection for disinfectant-resistant bacteria does not occur. How-
ever, other factors (e.g., temperature, AOC concentration) might
play roles as well in the establishment of M. avium complex in
drinking-water-related ecosystems (39).

Around 300 to 400 cases of Legionnaires’ disease are reported
annually in the Netherlands, and warm tap-water installations
have been identified as a source for dissemination of L. pneumo-
phila (2, 3). In this study, the mip gene of L. pneumophila was
sporadically detected in drinking water from the distribution sys-
tems. However, L. pneumophila could not be cultivated from
drinking water samples that were positive for the mip gene of L.
pneumophila. Similar results were reported for unchlorinated
drinking water sampled from the distribution systems of two
groundwater treatment plants in the Netherlands (50). However,
in contrast to our findings, the mip gene copy numbers observed
in that study were below the detection level of the culture method,
which could explain the observed differences between qPCR and
cultivation results. In our study, we observed gene copy numbers
of L. pneumophila that were above the detection limit for the cul-
ture method. It might be that the mip gene detected in our study
belonged to L. pneumophila cells that were inactive or dead, since
qPCR cannot discriminate between viable and dead cells. Conse-
quently, it remains uncertain whether the presence of the mip gene
of L. pneumophila in drinking water alone can be linked to cases of
Legionnaires’ disease.

The regA gene of P. aeruginosa and the chiA gene of S. malto-
philia were also sporadically detected in the drinking water sam-
ples analyzed in this study. The amount of samples positive for P.
aeruginosa was comparable to those found in German studies,
where cultivation methods were used to detect P. aeruginosa in
drinking water (51, 52). In addition, the number of drinking water
samples positive for P. aeruginosa and the number of cultivable P.
aeruginosa seem to be higher in countries with warmer climates
(e.g., Togo and Israel) (53–55). To our knowledge, a comprehen-
sive study on the occurrence of S. maltophilia in drinking water
has not been performed, but the organism has been isolated from
drinking water in the past (4, 16, 56, 57). We demonstrated that up
to 36.4% of the drinking water samples in a drinking water distri-
bution system can be positive for the chiA gene of S. maltophilia. It
is not clear from our study whether the P. aeruginosa and S. malto-
philia strains observed in drinking water pose a risk for public
health, although it has been noticed that certain P. aeruginosa and
S. maltophilia strains from drinking water or drinking water envi-
ronments (e.g., sinks, taps, showers) have been identical to strains
isolated from patients (13, 15, 56).

TABLE 4 Numbers of expected and observed samples that were positive for a second opportunistic pathogen

Samples positive for:

L. pneumophila P. aeruginosa S. maltophilia A. fumigatus

Expected Observed Expected Observed Expected Observed Expected Observed

L. pneumophila 2.0 4 2.2 9 0.5 0
P. aeruginosa 2.0 4 1.6 3 0.4 0
S. maltophilia 2.2 9 1.6 3 0.4 0
A. fumigatus 0.5 0 0.4 0 0.4 0
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In a recent study, the occurrence of Mycobacterium spp., M.
avium, L. pneumophila, P. aeruginosa, and Acanthamoeba spp. in
chloraminated drinking water sampled from eight locations in the
distribution systems of two treatment plants in the United States
was determined by qPCR methods as well (58). The percentages of
samples positive for Mycobacterium spp., L. pneumophila, and P.
aeruginosa were similar to those observed in our study. The gene
copy numbers observed for these organisms in a chloraminated
drinking water supply from one treatment plant in Virginia were
also similar to the gene copy numbers observed in our study, but
gene copy numbers of these three organisms in the water samples
of a treatment plant in Florida were 100 times higher. This differ-
ence might have been a result of the drinking water temperatures
observed in Florida, which were higher (26.8 � 0.9°C) than those
in Virginia (19.7 � 2.4°C) and in the Netherlands (18.7 � 0.9°C).
The percentages of samples positive for M. avium were higher in
the chloraminated drinking water samples from the two supplies
in the United States, and gene copy numbers were at least 10 to 100
times higher in those samples than in the nonchlorinated drinking
water samples from the Netherlands. These differences suggest
that the use of chloramine as a disinfectant residual might select
for M. avium in the distributed drinking water.

A limitation of using qPCR methods to quantify microor-
ganisms in environmental samples is that qPCR cannot dis-
criminate between viable and nonviable cells. Especially when
microorganisms are inactivated by certain treatments in the
distribution or premise plumbing system, e.g., disinfection,
qPCR might overestimate the number of viable cells. However,
in the Netherlands, drinking water is distributed without a
disinfectant residual, and point-of-use treatment was not ap-
plied in the premise plumbing of the houses that were sampled.
Consequently, it is unlikely that a dominant part of the micro-
organisms is dead. Two observations are consistent with this
statement. First, flow cytometry showed that, in general, 70%
to 99% of the bacterial cells in the drinking water samples had
intact membranes (data not shown), which some consider to be
a viability discriminator (59). Second, the numbers of fungi
and NTM increased during distribution in the distribution sys-
tems of all treatment plants, and water sampled at the treat-
ment plants was always negative for opportunistic pathogens,
indicating that these organisms multiplied in the distribution
systems. Moreover, cultivation methods, which have been the
“golden standard” in the past, also suffer from a similar limi-
tation. Obviously, cultivable microorganisms are viable, but
most microbial species in the environment cannot yet be cul-
tivated in the laboratory due to unknown cultivation require-
ments or because the selective conditions of the cultivation
method are too stringent for growth (60). In addition, it has
been suggested that some bacterial species that can be selec-
tively cultivated might enter a viable but noncultivable state
(61). It is likely, therefore, that cultivation methods underesti-
mate the number of viable opportunistic pathogens in the en-
vironment. As such, an ideal method for specifically quantifying cer-
tain microorganisms and reliably discriminating between viable and
nonviable cells is not yet available.

Factors affecting occurrence of opportunistic pathogens. A
seasonal effect on the occurrence of opportunistic pathogens in
drinking water was most clearly seen in the distribution systems of
plants SW2 and/or SW3, where gene copy numbers of fungi and
mycobacteria and the occurrence of L. pneumophila and S. malto-

philia were significantly higher in the summer than in the winter.
In contrast, no clear effect of season on opportunistic pathogens,
except NTM and S. maltophilia, was observed for the distribution
systems of the other treatment plants. The water temperatures in
all the distribution systems were significantly higher in the sum-
mer than in the winter, but temperatures in the distribution sys-
tems of plants SW2 and SW3 were not significantly higher than
those in the distribution systems of the other plants. Conse-
quently, the higher water temperatures alone cannot explain the
higher fungal numbers or higher numbers of L. pneumophila- and
S. maltophilia-positive samples in the distribution systems of
plants SW2 and SW3.

Drinking water sampled in the summer from the distribution
systems of plants SW2 and SW3 were taken directly from the tap
without flushing. In all other cases, samples were taken at the tap
after flushing until the water temperature remained stable for 30 s.
This means that the drinking water sampled in the summer from
plants SW2 and SW3 was stagnant water from the premise plumb-
ing system, whereas in the other cases, water came from the dis-
tribution system and had flown through only the premise plumb-
ing system. Hence, the higher numbers of fungi and the higher
percentages of L. pneumophila- and S. maltophilia-positive sam-
ples in drinking water sampled from the distribution systems of
plants SW2 and SW3 in the summer could be attributed to the
growth of these organisms in the premise plumbing installations.
Others have also demonstrated that growth of mycobacteria,
fungi, and L. pneumophila occurs in the in-house plumbing sys-
tem (2, 3, 8, 29, 46, 62). It is likely that the higher surface/volume
ratio, different pipe materials, and/or higher temperatures in the
premise plumbing may have contributed to the growth of these
organisms.

Mycobacteria were detected in significantly lower numbers in
the winter than in the summer for most distribution systems. In
addition, S. maltophilia was not detected in drinking water sam-
pled in the winter, but the organism was detected in distributed
drinking water samples from five different treatment plants (SW2,
SW3, SW4, SW5, and GW3) in the summer. These results indicate
a seasonal effect on the occurrence of mycobacteria and S. malto-
philia in drinking water. Higher temperatures in the summer are
probably advantageous for the growth of these organisms in the
distribution systems and in premise installations. However, S.
maltophilia was not observed in drinking water from the distribu-
tion system of SW1, GW1, or GW2, indicating that factors other
than temperature play a role in multiplication of S. maltophilia in
the distribution system. A. fumigatus was observed only in the
summer as well, but since it was detected in one distribution sys-
tem, it is not possible to conclude whether seasonal effects influ-
ence the occurrence of this organism in drinking water distribu-
tion systems.

Treated water from the selected plants originated from differ-
ent sources (groundwater and surface water) and differed in TOC
concentrations, AOC concentrations, and heterotrophic plate
counts (Table 1). Despite these differences in water quality, the
16S rRNA gene copy numbers of mycobacteria in the distributed
water in the winter were not significantly different between the
plants. Mycobacterial gene copy numbers were significantly
higher in the distribution systems of plants SW1, SW2, GW2, and
GW3 than in the distribution systems of plants SW5 and GW1 in
the summer. However, the AOC and TOC concentrations in
drinking water differed considerably between plants SW5 and
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GW1, indicating that AOC and TOC levels do not influence the
mycobacterial numbers in drinking water. Moreover, these results
demonstrate that species belonging to the genus Mycobacterium
can grow in drinking water (biofilms) at different but low levels of
(easily biodegradable) organic carbon in the water. In contrast, by
using cultivation methods, it was observed in Finland and the
United States that mycobacterial numbers are positively corre-
lated with AOC concentrations (39, 43). This apparent discrep-
ancy might be explained by differences in AOC levels, which were
considerably higher and had larger ranges in the U.S. and Finnish
studies (17 to 234 �g C liter�1 and 38 to 350 �g C liter�1, respec-
tively) than in our study (3.1 to 28.2 �g C liter�1). In addition,
drinking water in the United States and Finland is chlorinated or
chloraminated, whereas in the Netherlands, drinking water is dis-
tributed unchlorinated, which might influence the mycobacterial
population as well (48, 49). Furthermore, we used qPCR methods
to quantify mycobacteria, whereas cultivation methods were used
in the other two studies.

Fungi were present in significantly higher numbers in distrib-
uted drinking water from plant GW3 than in distributed drinking
water from plant GW2. Treated groundwater from plant GW3
had much higher TOC and AOC concentrations than treated
groundwater from plants GW1 and GW2 (Table 1). The relatively
high TOC and AOC concentrations in the drinking water of plant
GW3 are the likely cause for the relatively high number of fungi in
the water. Drinking water produced from surface water at five
different treatment plants had similar fungal numbers in the dis-
tribution system, although AOC concentrations varied as well.
However, the TOC concentrations in the treated water were sim-
ilar between these five treatment plants. These results suggest that
fungal growth might be more related to TOC concentrations in
drinking water than AOC concentrations, which might be in
agreement with the hypothesis that fungi are more specialized
in degrading complex organic carbon substrates than easily de-
graded organic compounds that will be measured with the AOC
test (63).

AOC concentrations above 10 �g C liter�1 were observed in
treated water from treatment plants SW1, SW2, SW3, SW5, and
GW3 (Table 1). Drinking water samples from the distribution
systems of those plants were sporadically positive for L. pneumo-
phila. In contrast, treated water from plants SW4 and GW1 had
considerably lower AOC levels (4.5 and 3.1 �g C liter�1, respec-
tively), and L. pneumophila was not observed in the distribution
systems of those two plants. These results suggest that the AOC
levels in drinking water relate to the presence of L. pneumophila.
Our results are consistent with results from a previous study where
L. pneumophila was detected in a distribution system that was fed
with drinking water with a high concentration of natural organic
matter (NOM) but not in a distribution system that was fed with
drinking water having a low NOM concentration (50). P. aerugi-
nosa and S. maltophilia were also sporadically observed in drink-
ing water, but these organisms were present in drinking water with
high or low concentrations of AOC and TOC. Thus, it cannot be
concluded that the water composition influenced the occurrence
of P. aeruginosa and S. maltophilia in unchlorinated drinking wa-
ter in the Netherlands. Still, the results indicate that P. aeruginosa
and S. maltophilia are capable of growing at low AOC concentra-
tions in drinking water, as has been observed previously (64).

The 18S rRNA gene copy numbers of fungi and the 16S rRNA
gene copy numbers of mycobacteria showed only weak correla-

tions with ATP or total cell numbers. These results are consistent
with those from other studies (38, 43, 62). Allegedly, conditions
that influence the growth of the dominant microbial community
differ from conditions that influence the growth of fungi and my-
cobacteria in drinking water. In addition, the results from our
study show that different opportunistic pathogens can be present
in the same water sample. It was also observed that samples that
contained L. pneumophila, P. aeruginosa, or S. maltophilia have a
higher risk of containing another of these three opportunistic
pathogens than samples that did not contain any of these three
organisms. Hence, certain drinking water types and/or sampling
locations in the distribution or premise plumbing system might
promote growth of different opportunistic pathogens. The growth
potential of the water, pipe material, temperature, and hydraulics
influence biofilm growth on each location in the drinking water
distribution system and premise plumbing system and might in-
fluence the growth of some opportunistic pathogens in drinking
water (5, 54, 65). Therefore, a more comprehensive study on these
local factors in the distribution system can identify mechanisms
that are responsible for the growth of multiple opportunistic
pathogens in drinking water distribution systems.

Overall, the results from our study demonstrate that fungi and
NTM are commonly present in unchlorinated drinking water in
the Netherlands, whereas L. pneumophila, P. aeruginosa, S. malto-
philia, and A. fumigatus are sporadically present. Gene copy num-
bers of these organisms increase in the distribution system and in
the premise plumbing system, which stresses the need for further
research to identify distribution and premise plumbing factors
that are responsible for these increasing numbers. Furthermore,
the type of source used for drinking water production, the season,
and water composition had no large influence on the occurrence
of these opportunistic pathogens in unchlorinated drinking water.
However, locations that are positive for one opportunistic patho-
gen are more likely to harbor other opportunistic pathogenic spe-
cies as well, which implies that certain “hot spots” in the distribu-
tion or premise plumbing system might pose a higher risk to
public health than other locations.
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