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The occurrence of fungi in drinking water has received increased attention in the last de-
cades, and fungi are now generally accepted as drinking water contaminants. The knowl-
edge about the occurrence and diversity of fungi in water has increased considerably from
a low knowledge base. However, the relevance of waterborne fungi for water quality and
human health is poorly understood and still conflicting. Scientific reports on effective
treatment against fungi in water are also few. This article presents a review of the litera-
ture on fungal water studies, including some general results, and considerations of signif-
icance, limits, contradictions, precautions, and practical consequences.

© 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Drinking water quality

One of the greatest concerns for the water consumers with re-
spect to the quality of drinking water is contamination with
pathogenic microorganisms. Certain microorganisms, includ-
ing various bacteria, viruses, and parasites, are well-known
water contaminants, of which several may lead to waterborne
disease and epidemics. Bacteria are probably the most fre-
quently studied group of microorganisms with respect to the
quality of drinking water. Pathogenic viruses in water are
also of great importance, as viruses are the most common
cause of gastrointestinal infections worldwide (Mara & Horan
2006). In the past, fungi were infrequently considered when
discussing pathogenic microorganisms in water. A possible
reason for this is that common for many of the pathogenic
bacteria, viruses, and parasites their occurrence in drinking
water often leads to relatively acute symptoms and disease
in humans. As far as we know, the consumption of fungal
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contaminated drinking water has not lead to acute disease.
Fungi in water have mostly been overlooked, but may be
regarded as a chronic problem in drinking water distribution
systems, and are possibly an underestimated problem. Fungi
have received increased focus as drinking water contami-
nants in the last decades.

Fungi are a diverse group of organisms belonging to the
kingdom Eumycota. This kingdom comprises five phyla, namely
Ascomycota, Basidiomycota, Zygomycota, Chytridiomycota, and
Glomeromycota (Kirk et al. 2001; Schiifler et al. 2001). As a practi-
cal approach to classification, fungi have been divided into
groups, such as the filamentous fungi, also called moulds, the
yeasts, and the mushrooms. Some fungi are primarily adapted
to aquatic environments, and will, therefore, naturally be
found in water. These fungi are zoosporic, and many belong
in phyla Chytridiomycota. Fungi belonging to the other phyla
in Eumycota are primarily adapted to terrestrial environments.
They are presentin soil, organic material, and air, and anything

0953-7562/$ — see front matter © 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.mycres.2008.10.002


mailto:gunhild.hageskal@vetinst.no
http://www.elsevier.com/locate/mycres

166

G. Hageskal et al.

in contact with air (Kirk et al. 2001). These fungi can also enter
drinking water from various locations, although this is consid-
ered an ‘unnatural’ habitat for them. The knowledge of the oc-
currence of fungi in drinking water was limited, but has
increased due to the various studies performed.

The history of fungal water studies

The issue of fungi in drinking water appears to have arisen in
the 1960s and 1970s, when analyses of water due to problems,
such as foul taste and odour, and reports of health episodes
caused by contaminated water were reported (Bays et al.
1970; Burman 1965; Metzger et al. 1976). First of all, these anal-
yses were intended for investigating the presence of Actinomy-
cetes or Cyanobacteria, which were already known to be able to
cause problems in drinking water. However, significant
amounts of microfungi were also recovered from the water
samples, leading to speculation as to whether fungi could be
causing the experienced problems. During the 1980s and
1990s, more cases of health problems caused by fungal-con-
taminated drinking water were reported from Finland and
Sweden (Aslund 1984; Muittari et al. 1980), and fungi in drink-
ing water were investigated in several countries worldwide
(Akerstrand 1984; Arvanitidou et al. 1999; Frankova 1993;
Frankova & Horecka 1995; Hinzelin & Block 1985; Lahti 1993;
Nagy & Olson 1982, 1985; Niemi et al. 1982; Ormerod 1987;
Rosenzweig et al. 1986; West 1986; Zacheus & Martikainen
1995). In addition, results from studies of taste and odour
problems in drinking water indicated the occurrence of fungi
as an important causative factor for these sensoric changes
(Montiel et al. 1999; Nystrom et al. 1992). Common for many
of the early studies was that they were undertaken in re-
sponse to a water contamination problem. Thus fungi were
never the main object for the analyses.

In the last decade, several more studies have resulted in in-
creased knowledge on the occurrence of fungiin drinking water
(Anaissie et al. 2001, 2002b, 2003; Arvanitidou et al. 2000;
Gongalves et al. 2006a; Géttlich et al. 2002; Hageskal et al. 2006,
2007, 2008; Hageskal 2007; Hapcioglu et al. 2005; Kanzler et al.
2007; Kelley et al. 2003; Kennedy & Williams 2007; Panagopoulou
et al. 2002; Pires-Gongalves et al. 2008; Varo et al. 2007, Warris
et al. 2001; Warris et al. 2002). Some general results for all the
studies performed are, for example, that the recovery of fungi
varied between 7.5-89 % positive samples, and that the levels
of fungi in the samples varied considerably in the various inves-
tigations. Fungi have beenreported from all types of water, from
raw water to treated water, and from heavily polluted water to
distilled or ultra-pure water. Fungi have alsobeenreported from
bottled drinking water (Cabral & Fernandez 2002; Fujikawa et al.
1997; Ribeiro et al. 2006). Statistically, it has been established
that the odds for fungal recovery are three times higher in sur-
faces-sourced water compared with ground-sourced water, and
fungi are more commonly recovered from cold water and
shower water than from hot tap water (Hageskal et al. 2007).

Significance and health aspects

The fungi recovered from water in the studies performed in-
clude some yeast, but are mostly filamentous fungi (moulds).

A wide diversity of mould species has been isolated from
drinking water. Among these are potentially pathogenic, aller-
genic, and toxigenic species. For instance, Aspergillus fumiga-
tus was recovered from 49 % of the investigated taps at
Rikshospitalet University Hospital in Oslo, in a study pre-
formed by Warris and colleagues (2001). A. fumigatus has
been one of the most significant fungal pathogen causing in-
fections in immunocompromised patients in hospitals, and
the infection rates are increasing (Marr et al. 2002; White
2005). Because of the increasing frequencies of severely im-
munocompromised patients, hospitals are facing a greater
challenge with respect to opportunistic fungal infections
(Denning 2006).

The occurrence of potentially pathogenic species, such as
A. fumigatus, in drinking water has lead to speculations
whether hospital water systems may serve as a transmission
route for fungal infections. Several studies have focused on
analysing hospital water systems with respect to the presence
of fungi (Anaissie et al. 2001, 2003, Arvanitidou et al. 1999, 2000;
Hapcioglu et al. 2005; Kanzler et al. 2007; Kennedy & Williams
2007; Panagopoulou et al. 2002; Pires-Gongalves et al. 2008;
Warris et al. 2001, 2002). The results indicate that hospital wa-
ter may contain a wide diversity of fungi, including potential
pathogens. The hypothesis is that fungi in water are aerosol-
ized into air when water passes installations, such as taps
and showers, and thus introduced to severely immunocom-
promised patients with a high risk of fungal infections. Air
levels of Fusarium and Aspergillus were found to increase in
hospital environments after running showers multiple times
(Anaissie et al. 2002b; Warris et al. 2001).

Penicillium species have been frequently recovered from
water in the various studies performed. Several of the species
in both genus Penicillium and Aspergillus are known to produce
mycotoxins in other substrates, such as food and beverages
(Moreau 1979; Pitt & Hocking 1999). Interestingly, detection
of aflatoxins produced by A. flavus in water from a cold water
storage tank was demonstrated by Paterson and colleagues
(1997). In addition, in vitro studies by Kelley et al. (2003) con-
cluded that mycotoxins and other metabolites can be pro-
duced by fungi in water. Mycotoxins produced in water will
of course be extremely diluted, and are perhaps of minor con-
cern. Nevertheless, water is occasionally stored in cisterns or
reservoirs, or even in bottles, for prolonged periods. In such
cases, the concentrations of mycotoxins may increase. Large
amounts of water are consumed daily, and daily intake over
many years of even small amounts of mycotoxins may be
hazardous to human health. In addition, fungi and fungal
toxins have been considered as potential biological weapons,
as mycotoxins, such as aflatoxins or ergot alkaloids, can be
purified and deliberately spread in water by nefarious actions
(Paterson 2006).

When it comes to the allergenic potential of fungi in water,
three cases have been reported from Sweden and Finland. An
outbreak of skin irritations in humans in the city of Rdbacka in
Sweden was reported by Aslund (1984). The symptoms were
associated with taking showers and baths, and analyses of
the water resulted in recovery of 77 up to 3100 CFU 100 ml™*
water of the fungi Phialophora richardsiae. Two case reports
from Finland indicated fungal contaminated water as the
source of hypersensitivity pneumonitis. Metzger and
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colleagues (1976) indicated that elevated levels of the fungi
Aureobasidium pullulans in water from a home sauna were
causing hypersensitivity pneumonitis, and the symptoms
were referred to as ‘sauna-takers disease’. Muittari et al.
(1980) reported an outbreak of symptoms similar to hypersen-
sitivity pneumonitis after taking saunas, baths, and showers,
involving more than 100 people. Symptoms were even
reported after laundering and dishwashing. The subsequent
investigation indicated that the epidemic was caused by water
contaminated by microorganisms, such as Aspergillus fumiga-
tus, Mucor, Absidia, Candida, coliform bacteria, and other bacte-
rial species. The implication of fungi such as e.g. Aspergillus,
Penicillium and Cladosporium with allergy, asthma and other
respiratory problems has been widely investigated with
respect to indoor environments (Denning et al. 2006; Straus
2004). Several reports have implied that various fungal genera
may contribute to the growing epidemic of allergy and asthma
observed in the human population (Green et al. 2003;
Hogaboam et al. 2005; Jaakkola et al. 2002; Kauffman & van
der Heide 2003; Lugauskas et al. 2004; Schwab & Straus
2004). For instance, Trichoderma viride, which was found to be
the most dominant species in Norwegian drinking water
(Hageskal et al. 2006), has been associated with asthma in
children living in water-damaged homes (Vesper et al. 2006).
The allergic potential of fungi in drinking water has not been
studied, and would be pure speculation, although the possibil-
ity cannot be totally rejected. Large epidemiological studies
are needed to investigate such correlations.

Several microorganisms can cause taste and odour prob-
lems in drinking water, and such sensoric problems have
been connected to the presence of fungi. Several fungal spe-
cies, such as, e.g. Chaetomium globosum (Kikuchi et al. 1981),
have been found to produce geosmin, a compound often asso-
ciated with earthy odour and taste in drinking water (Paterson
et al. 2007). In addition, fungi may produce a variety of other
compounds with distinctive off-flavours and tastes (Ezeonu
et al. 1994; Kaminski et al. 1974; Mattheis & Roberts 1992;
Montiel et al. 1999; Nystrom et al. 1992). However, the recovery
of fungi from a water source does not necessarily mean that
their presence in water is causing the sensoric problem.
Odours and foul-tasting compounds may also be produced
terrestrially or in biofilms in piping systems and then washed
into aquatic environments. For the same reason, the lack of
fungal recovery from a water source does not mean that
they are not involved in causing the sensoric problems.

Fungi have the ability to grow attached to a substrate,
forming part of microbial biofilms on pipe surfaces, debris,
or sediments. They are likely to become established where
there are cracks, pitting or dead ends (Mara & Horan 2006;
Paterson & Lima 2005). Several studies have detected fungi
in biofilms on water and wastewater pipe surfaces (Doggett
2000; Hendrickx et al. 2002; Kelley et al. 2003; Nagy & Olson
1985; Paterson et al. 2006; Skaar & @stensvik 2005). Fungi
established in biofilms in water systems may be protected
and are more resistant to water treatment, and fungi may
also colonize filters in treatment plants, and consequently af-
fect the water treatment. The occurrence and distribution of
filamentous fungi was investigated in a Norwegian study,
and the results indicated that several species of filamentous
fungi have the ability to establish in biofilms or sediments in

water distribution systems (Hageskal et al. 2006). The ecology
of fungi in biofilms has been studied only to a small degree,
and further research should aim to investigate the character
of fungi in biofilms.

Limits in the methodology

A critical point with respect to the study of fungi in water is
how the analyses are performed. Most studies conducted ap-
ply culturing methods for analysing fungi in water. The
main disadvantage of culturing fungi is that it requires the in-
termediate and often time-consuming step of obtaining each
organism in isolation on appropriate media. There is no inter-
national standard method described for analyses of fungi in
drinking water, hence several isolation procedures are used
in the various studies preformed. Membrane filter techniques
are mostly employed, applying volumes of 10-1000 ml water
(Anaissie et al. 2002b; Arvanitidou et al. 1999; Doggett 2000;
Gongalves et al. 2006b; Gongalves et al. 2006a; Hageskal et al.
2007; Hapcioglu et al. 2005; Hendrickx et al. 2002; Hinzelin &
Block 1985; Kanzler et al. 2007; Kelley et al. 2003; Nagy & Olson
1982; 1985; Niemi et al. 1982; Ormerod 1987; Pires-Gongalves
et al. 2008; Varo et al. 2007; Warris et al. 2001; Zacheus &
Martikainen 1995). Another technique performed is direct
plate-spread with volumes of 0.1-1 ml water (Frankova 1993;
Frankova & Horecka 1995; Goéttlich et al. 2002). Centrifugation
of water to obtain the fungal propagules or direct microscope
observation are also applicable methods (Mara & Horan 2006).
These different isolation procedures may result in different
detection limits of fungi in the water.

The isolation medium also varies between the investiga-
tions performed. High nutritional media are often used, such
as Sabouraud dextrose agar (Hapcioglu et al. 2005), Sabouraud
glucose agar (Kanzler et al. 2007), and malt extract agar (Niemi
et al. 1982). Others use media that inhibit overgrowth of fast-
growing fungi, such as dichloran 18 % glycerol agar (DG18)
(Hageskal et al. 2007). DG18 is now recommended as a general
medium for the isolation and enumeration of fungi in foods
with high water activity (ay >0.90) (Samson et al. 2004), and
may, therefore, also be suitable for water analyses. Half-
strength corn meal agar (CMA/2) is an example of the use of
a low nutritional medium (Gongalves et al. 2006a). The use of
different media may result in selectivity towards some fungal
species and loss of others. Kinsey and colleagues (1999) rec-
ommended a combination of both high and low nutritional
media, to obtain the complete cross-section of fungi present
in water. Although we have to keep in mind that there will al-
ways be fungi that will go undetected. The incubation temper-
ature is also important for what fungal species are obtained.
The incubating temperatures range from 20-37 °C in the stud-
ies preformed, and will consequently result in recovery of dif-
ferent genera and species.

In order to assess the contribution of fungi to problems in
drinking water the quantification is essential. Quantification
of fungi in water is mostly assessed by counting total fungal
colonies on agar plates, referred to as colony-forming units
(CFU) per volume of water sample investigated (Mara & Horan
2006). Due to the nature of filamentous fungi, the data gener-
ated in this way may be difficult to interpret. Fungi have
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a tendency to be unevenly distributed in water, which may
cause difficulty in ensuring representative samples. A fre-
quent problem in quantifying fungi is overgrowth of the filter,
which can occur very quickly. Therefore, it is very important
to monitor the plates and remove new colonies as soon as
they appear. Another problem is that not all fungi are able to
grow under laboratory conditions. In consequence, the cur-
rently used quantification methods will never provide the pre-
cise number of fungi, but may give a fair indication of the level
of fungi present in water. Chemical methods, such as analyses
of ergosterol for quantification of total fungal biomass, as sug-
gested by Kelley & Paterson (2003), could be useful as supple-
mental methods.

The identification of fungi has mainly been based on mor-
phological identification keys. This identification is subjective,
relying on the knowledge and experience of the individual re-
searcher, and also on good and updated identification keys. A
frequent problem is that some fungi never sporulate, thus
cannot be identified morphologically. DNA sequencing is not
dependent on sporulating fungi or even viable fungi, and is
a good supplement to morphological identification. Hence,
this method relies on the accuracy of public databases, such
as GenBank. Analysis of fungal metabolites could also contrib-
ute to ensure correct identification. In many of the studies per-
formed, the fungal colonies have only been identified to genus
rather to the species level. This makes the consideration of
concerning species difficult, as species of the same genera
may have very different characters with respect to, for exam-
ple, toxin production, pathogenicity, and allergenic potential.
Identification to the species level should preferably be done, at
least for the most dominant species.

In consequence, these limits in the methodology makes
comparisons between the different studies difficult, and may
explain much of the variation in the results obtained. Another
crucial limitation of fungal water studies is that the informa-
tion regarding the acceptable or normal levels of fungi in
drinking water is limited. Further research is needed to in-
crease this knowledge. Almost without exceptions, regula-
tions for the occurrence of fungi in drinking water do not
exist. To the authors’ knowledge, only the Swedish water reg-
ulation authority (Anon. 2003) includes specifications on
fungi. The methods for analysing fungi in drinking water
should be standardized.

Contradictions in interpreting the significance

The main contradictions of fungal water studies are basically
the divided opinions with respect to interpreting the impor-
tance of the fungal results. How important is the occurrence
of fungi in drinking water when it comes to health? Some re-
searchers state that nosocomial aspergillosis is waterborne
(Anaissie & Costa 2001), and recommend that hospitalized pa-
tients with high risk of fungal infection should avoid exposure
to hospital water and use sterile water instead (Anaissie et al.
2002a). Others state that the problem with fungi in water is
substantially overestimated, and requires further evidence
before acting (Hunter 2003).

Common for most fungal infections is the incidence of in-
vasive disease in a variety of immunocompromising

conditions. According to a review by Denning (2006), patients
at high risk of fungal infections include the use of corticoste-
roids; patients suffering from pulmonary disorders, diabetes
mellitus, human immunodeficiency virus/acquired immuno-
deficiency syndrome (HIV/AIDS), cystic fibrosis, cancer; and
patients who have undergone gastrointestinal or cardiac sur-
gery, and organ transplants. It has been estimated that the
number of immunocompromised individuals will continue
to increase in the future. Factors responsible for this rise in-
clude the increase in the elderly population in countries
with advanced medical technology, increased incidence of
many cancers, and increased numbers of transplantations
(Perlroth et al. 2007).

Pathogens resistance to antifungal drugs continue to
emerge (Kauffman 2004; Marr et al. 2002; Pfaller et al. 2006;
White 2005), presenting challenges in the treatment of fungal
infections. Despite all diagnostic and therapeutic efforts, the
outcome of such infections is often fatal. In fact, the mortal-
ities are as high as 50-100 %, and nearly 100 % in untreated
cases (Denning 1998, 2006; VandenBergh et al. 1999). Infections
due to fungi other than Aspergillus and Candida species are par-
ticularly lethal (Husain et al. 2003; Pfaller et al. 2006). The treat-
ment of fungal infections is often prolonged and is also very
expensive. Therefore, preventive measures may be of major
importance.

The source of fungal infections is not yet determined, but
inhalation of airborne fungal spores is suggested to play a cru-
cial role in the epidemiology (Perlroth et al. 2007). However, ex-
tended air filtration has not had the desired effect in
decreasing the number of infections. Genotyping of environ-
mental and clinical fungal strains have indicated genetic re-
latedness between clinical strains and water-related strains
(Anaissie et al. 2002b; Warris et al. 2003), whereas others
have indicated that it may not be possible to determine one
exact source of infection, thus several sources, both nosoco-
mial and community acquired, are possible (Menotti et al.
2005). Although water as a possible source of fungal infections
is controversial, different researchers seem to agree on one
point that proper epidemiological studies to determine the
real contribution of water supplies to the fungal disease bur-
den should be developed. An important issue that merits con-
sideration is, nevertheless, whether fungi in water can just be
ignored, or whether precautions should be considered in the
case of vulnerable groups. In future, preventive measures
may become more important than ever, and the occurrence
of fungi in drinking water may require extended regulations.
Further research is needed to investigate measures that may
be appropriate.

Precautionary measures

In the United States, the Centers for Disease Control and Pre-
vention (CDC 2000) have developed recommendations for the
prevention of nosocomial infections that also includes hospi-
tal-acquired aspergillosis. The recommendations are as fol-
lows: (1) to minimize exposure of high-risk patients to
potential sources of Aspergillus species, (2) to minimize activi-
ties that may aerosolize Aspergillus and other fungi, and (3) to
eliminate the source of aspergilli. No specific practical
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measures with respect to water were suggested, leaving the
hospitals with as good as no recommendation. It is important
though, that these recommendations require consideration of
the hospital water systems. According to the review on asper-
gillosis by Denning (2006), there are several precautionary
measures related to air quality that may reduce the incidence
of aspergillosis in hospitalized, high-risk patients. These mea-
sures include the use of high-efficiency particulate air filtra-
tion and laminar air-flow in protective areas, complete
separation of construction and clinical areas, and prevention
of exposure to unsterilized pepper or spices, and potted plants
or shrubs. Interestingly, the review also states that attention
should be paid to routine maintenance and cleaning of
showers and water systems.

Other precautionary measures in the case of high-risk pa-
tients have been suggested with respect to water quality,
mainly by Anaissie and colleagues (2001, 2002b, 2003). First,
it was recommended that hospital water should be tested
for the presence of disease-related fungi. High-risk patients
should avoid exposure to hospital water and use sterile water
for drinking, not only because of the danger of fungal infec-
tions but also due to other serious waterborne pathogens.
Anaissie et al. (2003) suggested that high-risk patients should
avoid showers, and that these patients should use sterile
sponges for bed-baths instead. It was also suggested that
shower facilities should be thoroughly cleaned to prevent fun-
gal aerosols, and that education of both patients and health-
care workers should be emphasized.

With respect to the rest of the community, the significance
of fungi in drinking water has scarcely been evaluated. Two
contradicting aspects are of importance when considering
fungal water studies with respect to the community. First,
we have the request for publishing important scientific re-
sults, and that the public have a right to know what is in the
water they are consuming daily. Second, we do not want to
create unnecessary concern in the population. In light of the
knowledge obtained from fungal water studies, and the insuf-
ficient epidemiological knowledge about health impacts, it
seems like a good idea to take precautionary measures for
high-risk patients. Other possible health impacts with respect
to the rest of the population are poorly understood, and re-
quire further studies.

Practical consequences of fungi in water

At present, very few practical measures have been imple-
mented based on the knowledge from the various studies of
fungi in water. This is basically due to the need for increased
knowledge about the significance of the presence of fungi in
drinking water for human health. The exceptions are some
precautionary recommendations related to high-risk patients
in hospitals, as previously mentioned. As a consequence of ep-
isodes of water problems caused by fungi, the analysis of fungi
was implemented in Swedish drinking water regulation from
1993 (Anon. 2003). However, this is not an analysis required
on aroutine basis, thus fungal analyses of water are conducted
only in cases of complaints of taste and odour problems. The
limit for the occurrence of fungi in water is 100 CFU per
100 ml water according to the Swedish regulation authority.

A starting place could be to monitor the water distribution
systems to obtain baseline information regarding fungi in
drinking water. Special emphasis should be given to water
systems in healthcare units, where it will be important to ob-
tain information on the presence and frequencies of fungi,
and what species that are obtained. If future analyses of water
are to include fungi, this will require both better methods and
new knowledge to establish adequate parameters. A natural
solution to fungi in drinking water would be water treatment.
However, the various fungal water studies performed estab-
lish that fungi can survive both treatment and disinfection,
and that most of the current water treatment methods are
not sufficient against fungi. The control strategies and effi-
ciency of water treatment against fungi has been studied
only to a small degree, and the results are not consistent.
For example, chemical coagulation was reported to be the
most effective treatment method by Niemi et al. (1982),
whereas in a study by Kelley and colleagues (2003) sand filtra-
tion was reported to give better removal of fungi than coagu-
lation with iron. Chlorination used for disinfection of water
was found to be insufficient (Frankova & Horecka 1995; Nagy
& Olson 1985), whereas the use of chlorine dioxide and ozone
were reported as the most effective water treatment methods
against fungal spores by Kelley et al. (2003).

A frequently used water-treatment method is uv radiation.
With respect to fungi in drinking water, uv may have a positive
effect, as indicated by Kanzler et al. (2007). However, as the uv
sensitivity of fungi often is related to pigmentation, fungi with
pigmented spores, such as Aspergillus and Penicillium, have
better protection against radiation and are less sensitive to
uv (Waipara 1998). This was also experienced in the study by
Kelley et al. (2003) where melanised, thick-walled species pre-
dominated after water treatment. The effect of dose of uv
should be tested on fungi in drinking water. A recently pub-
lished study on the impact of copper and silver ionization on
fungal colonization of hospital water systems indicated that
this treatment method could be usable as an in-house treat-
mentin hospitals (Pedro-Botet et al. 2007). Internal water treat-
ment inside hospitals may be a good solution to the fungal
problem. Also, food production plants and other establish-
ments where water quality is essential could benefit from ex-
tended water treatment, as many of the fungal species
recovered from drinking water are common contaminants of
food and beverages. Yet, it should be noted that fungi may
also establish in biofilms in internal water systems. So-called
‘point of use water filtration’ on taps and showers in, for ex-
ample hospital wards, may also be a practical way to reduce
the risk of aerosolizing waterborne fungi.

Although few practical measures are implemented at pres-
ent, monitoring the water for the presence of fungi, adequate
water treatment, and regulation may be required in the future,
at least with respect to ensuring adequate water quality in
healthcare institutions.

Conclusions

Studies of fungi in drinking water have demonstrated that
fungi are relatively common in water distribution systems.
Species of pathogenic, allergenic, and toxigenic concern are
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isolated from water, sometimes in high concentrations. Fungi
in water may be aerosolized into air, and introduced to immu-
nocompromised patients, and sensoric changes have been as-
sociated with the occurrence of fungi in drinking water
systems. The main limitations of fungal water studies lie
within the methodology. The differences in methodology limit
the consistency in the studies preformed, and make direct
comparisons almost impossible. Culturing methods may limit
the accuracy of the results and are time-consuming, thus bet-
ter and more standardized methods for analyses should be
designed. Identification of fungi to the species level is difficult,
and may require a polyphasic approach, implementing mor-
phology and molecular techniques, as well as metabolite anal-
yses. In future, new molecular and spectral methods may
prove to be usable tools for analyses of fungi in water.

The possible health impacts of fungi in water are still con-
tradictory, although precautionary recommendations and
measures implemented in the case of high-risk patients now
include the elimination of waterborne fungi. In future, moni-
toring of water systems for the present of fungi may be re-
quired, especially in hospital water systems. Adequate water
treatment could be a solution, and further studies are re-
quired, both with respect to establishing accurate methodolo-
gies and to investigate the effects of water treatment against
fungi in water. In addition, the water suppliers need to be in-
formed about the different aspects of fungi in water. Epidemi-
ological studies should also be conducted to determine the
health significance of fungal-contaminated drinking water.
Until knowledge about the significance of fungi in water is
obtained, controversy will most certainly remain. In the
meantime, we should be concerned about fungi in drinking
water for the same reasons as for air-borne fungi, because in-
creased levels may reduce the quality of drinking water, and
constitute a potential health risk.

If the microbiological quality of drinking water is to include
fungi, implementing fungal parameters in the water regula-
tions may be required. Fungi are a difficult group to examine,
and fungal water studies require experience and caution.
However, that should not mean that fungal contamination
of drinking water can be ignored. As fungi may influence the
water quality in several ways, the mycobiota of drinking water
should be considered when the microbiological safety and
quality of drinking water is assessed.

Acknowledgements

This article was supported by grant NFR/173294 from the Nor-
wegian Research Council.

REFERENCES

Akerstrand K, 1984. Occurrence of moulds in drinking water (in
Swedish). Vdr Féda 36: 320-326.

Anaissie EJ, Costa SF, 2001. Nosocomial aspergillosis is water-
borne. Clinical Infectious Diseases 33: 1546-1548.

Anaissie EJ, Kuchar RT, Rex JH, Francesconi A, Kasai M, Muller FM,
Lozano-Chiu M, Summerbell RC, Dignani MC, Chanock SJ,

Walsh TJ, 2001. Fusariosis associated with pathogenic Fusa-
rium species colonization of a hospital water system: a new
paradigm for the epidemiology of opportunistic mold infec-
tions. Clinical Infectious Diseases 33: 1871-1878.

Anaissie EJ, Penzak SR, Dignani MC, 2002a. The hospital water
supply as a source of nosocomial infections. A plea for action.
Archives of Internal Medicine 162: 1483-1492.

Anaissie EJ, Stratton SL, Dignani MC, Lee C, Summerbell RC,

Rex JH, Monson TP, Walsh TJ, 2003. Pathogenic molds (in-

cluding Aspergillus species) in hospital water distribution sys-
tems: a 3-year prospective study and clinical implications for
patients with hematologic malignancies. Blood 101: 2542-2546.

Anaissie EJ, Stratton SL, Dignani MC, Summerbell RC, Rex JH,
Monson TP, Spencer T, Kasai M, Francesconi A, Walsh TJ,
2002b. Pathogenic Aspergillus species recovered from a hospi-
tal water system: a 3-year prospective study. Clinical Infectious
Diseases 34: 780-789.

Anon., 2003. Drinking Water Regulations (in Swedish). SLVFS 2001:
30. National Food Administration, Stockholm, Sweden.

ArvanitidouM, Kanellou X, Constantinides TC, Katsouyannopoulos V,
1999. The occurrence of fungi in hospital and community potable
waters. Letters in Applied Microbiology 29: 81-84.

Arvanitidou M, Spaia S, Velegraki A, Pezarloglou M, Kanetidis D,
Pangidis P, Askepidis N, Ch Katsinas, Vayonas G,
Katsouyannopoulos V, 2000. High level of recovery of fungi
from water and dialysate in haemodialysis units. Journal of
Hospital Infection 45: 225-230.

Aslund P, 1984. Skin irritations cause by moulds (in Swedish). Vdr
Féda 36: 327-336.

Bays LR, Burman NP, Lewis WM, 1970. Taste and odour in water
supplies in Great Britain: a survey of the present position and
problems for the future. Water Treatment and Examination 19:
136-160.

Burman NP, 1965. Taste and odour due to stagnation and local
warming in long lengths of piping. Society of Water Treatment
Examination 14: 125-131.

Cabral D, Fernandez P, 2002. Fungal spoilage of bottled mineral
water. International Journal of Food Microbiology 72: 73-76.

CDC, 2000. Guidelines for Preventing Opportunistic Infections among
Hematopoietic Stem Cell Transplant Recipients. Morbidity and
Mortality Weekly Report 49. Centers for Disease Control and
Prevention, Infectious Disease Society of America, and
American Society of Blood and Marrow Transplantation.

Denning DW, 1998. Invasive aspergillosis. Clinical Infectious
Diseases 26: 781-805.

Denning DW, 2006. Aspergillosis. Schering-Plough Corporation,
Kenilworth, NJ.

Denning DW, O’Driscoll BR, Hogaboam CM, Bowyer P, Niven RM,
2006. The link between fungi and severe asthma: a summary
of the evidence. European Respiratory Journal 27: 615-626.

Doggett MS, 2000. Characterization of fungal biofilms within
a municipal water distribution system. Applied and Environ-
mental Microbiology 66: 1249-1251.

Ezeonu IM, Price DL, Simmons RB, Crow SA, Ahearn DG, 1994.
Fungal production of volatiles during growth on fiberglass.
Applied and Environmental Microbiology 60: 4172-4173.

Frankova E, 1993. Isolation and identification of filamentous soil
Deuteromycetes from the water environment. Bioldgia 48: 287-290.

Frankova E, Horecka M, 1995. Filamentous soil fungi and un-
identified bacteria in drinking water from wells and water
mains near Bratislava. Microbiological Research 150: 311-313.

Fujikawa H, Wauke T, Kusunoki J, Noguchi Y, Takahashi Y,
Ohta K, Itoh T, 1997. Contamination of microbial foreign
bodies in bottled mineral water in Tokyo, Japan. Journal of
Applied Microbiology 82: 287-291.

Gongalves AB, Paterson RRM, Lima N, 2006a. Survey and signifi-
cance of filamentous fungi from tap water. International Journal
of Hygiene and Environmental Health 209: 257-264.



The study of fungi in drinking water

171

Goncalves AB, Santos IM, Paterson RRM, Lima N, 2006b. FISH and
Calcofluor staining techniques to detect in situ filamentous
fungal biofilms in water. Revista Iberoamericana de Micologia 23:
194-198.

Gottlich E, van der Lubbe W, Lange B, Fiedler S, Melchert I,
Reifenrath M, Flemming HC, de Hoog S, 2002. Fungal flora in
groundwater-derived public drinking water. International Jour-
nal of Hygiene and Environmental Health 205: 269-279.

Green BJ, Mitakakis TZ, Tovey ER, 2003. Allergen detection from
11 fungal species before and after germination. Journal of Al-
lergy and Clinical Immunology 111: 285-289.

Hageskal, G, 2007. Moulds in Norwegian drinking water.
Occurrence and Distribution of Mould Species in Drinking
Water Distribution Systems. PhD thesis, Norwegian School of
Veterinary Science, Oslo.

Hageskal G, Gaustad P, Heier BT, Skaar I, 2007. Occurrence of
moulds in drinking water. Journal of Applied Microbiology 102:
774-780.

Hageskal G, Vralstad T, Knutsen AK, Skaar I, 2008. Exploring the
species diversity of Trichoderma in Norwegian drinking water
systems by DNA barcoding. Molecular Ecology Resources 8:
1178-1188.

Hageskal G, Knutsen AK, Gaustad P, de Hoog GS, Skaar I, 2006.
Diversity and significance of mold species in Norwegian
drinking water. Applied and Environmental Microbiology 72:
7586-7593.

Hapcioglu B, Yegenoglu Y, Erturan Z, Nakipoglu Y, Issever H, 2005.
Heterotrophic bacteria and filamentous fungi isolated from
a hospital distribution system. Indoor and Built Environment 14:
487-493.

Hendrickx TLG, Meskus E, Keiski RL, 2002. Influence of the nu-
trient balance on biofilm composition in a fixed film process.
Water Science and Technology 46: 7-12.

Hinzelin F, Block JC, 1985. Yeasts and filamentous fungi in
drinking water. Environmental Technology Letters 6: 101-106.

Hogaboam CM, Carpenter JK, Schuh JM, Buckland KF, 2005. As-
pergillus and asthma — any link? Medical Mycology 43:
S$197-5202.

Hunter PR, 2003. National disease burden due to waterborne
transmission of nosocomial pathogens is substantially over-
estimated. Archives of Internal Medicine 163: 1974.

Husain S, Alexander BD, Munoz P, Avery RK, Houston S, Pruett T,
Jacobs R, Dominguez EA, Tollemar JG, Baumgarten K, Yu CM,
Wagener MM, Linden P, Kusne S, Singh N, 2003. Opportunistic
mycelial fungal infections in organ transplant recipients:
emerging importance of non-Aspergillus mycelial fungi. Clinical
Infectious Diseases 37: 221-229.

Jaakkola MS, Nordman H, Piipari R, Uitti ], Laitinen J,
Karjalainen A, Hahtola P, Jaakkola JJK, 2002. Indoor dampness
and molds and development of adult-onset asthma: a popu-
lation-based incident case-control study. Environmental Health
Perspectives 110: 543-547.

Kaminski E, Stawicki S, Wasowicz E, 1974. Volatile flavor com-
pounds produced by molds of Aspergillus, Penicillium and Fungi
imperfecti. Applied and Environmental Microbiology 27: 1001-1004.

Kanzler D, Buzina W, Paulitsch A, Haas D, Platzer S, Marth E,
Mascher F, 2007. Occurrence and hygienic relevance of fungi
in drinking water. Mycoses 51: 165-169.

Kauffman CA, 2004. Zygomycosis: reemergence of an old patho-
gen. Clinical Infectious Diseases 39: 590.

Kauffman HF, van der Heide S, 2003. Exposure, sensitization, and
mechanisms of fungus-induced asthma. Current Allergy and
Asthma Reports 3: 430-437.

Kelley J, Kinsey G, Paterson R, Brayford D, 2003. Identification and
Control of Fungi in Distribution Systems. Awwa Research Foun-
dation and American Water Works Association, Denver, CO.

Kelley J, Paterson RRM, 2003. Comparisons of ergosterol to other
methods for determination of Fusarium graminearum biomass

in water as a model system. In: Lima N, Smith D (eds), Pro-
ceedings of the 22nd European Culture Collections’ Organization
Meeting Micoteca da Universidade do Minho, Braga, Portugal,
pp. 235-239.

Kennedy H, Williams C, 2007. Infection risk for filamentous fungi
in water in a paediatric haematology/oncology ward. Interna-
tional Journal of Antimicrobial Agents 29: S485.

Kikuchi T, Kadota S, Suehara H, Nishi A, Tsubaki K, 1981. Odorous
metabolites of a fungus, Chaetomium globosum KINZE ex FR.
Identification of geosmin, a musty-smelling compound.
Chemical and Pharmaceutical Bulletin 29: 1782-1784.

Kinsey GC, Paterson RR, Kelley J, 1999. Methods for the determi-
nation of filamentous fungi in treated and untreated waters.
Journal of Applied Microbiology Symposium Supplement 85:
214S5-224S.

Kirk PM, Cannon PF, David JC, Stalpers JA, 2001. Ainsworth &
Bisby’s Dictionary of the Fungi, 9th edn. CAB International,
Wallingford.

Lahti K, 1993. Microbial quality of drinking water in some Finnish
distribution systems. Water Science and Technology 27: 151-154.

Lugauskas A, Kriktaponis A, Sveityt L, 2004. Airborne fungi in
industrial environments — potential agents of respiratory
diseases. Annals of Agricultural and Environmental Medicine 11:
19-25.

Mara D, Horan N, 2006. The Handbook of Water and Wastewater
Microbiology, 1st edn. Elsevier Academic Press, London.

Marr KA, Carter RA, Crippa F, Wald A, Corey L, 2002. Epidemi-
ology and outcome of mould infections in hematopoietic
stem cell transplant recipients. Clinical Infectious Diseases 37:
909-917.

Mattheis JP, Roberts RG, 1992. Identification of geosmin as a vol-
atile metabolite of Penicillium expansum. Applied and Environ-
mental Microbiology 58: 3170-3172.

Menotti J, Waller J, Meunier O, Letscher-Bru V, Herbrecht R,
Candolfi E, 2005. Epidemiological study of invasive pulmonary
aspergillosis in a haematology unit by molecular typing of
environmental and patients isolates of Aspergillus fumigatus.
Journal of Hospital Infection 60: 61-68.

Metzger W], Patterson R, Fink J, Semerdjian R, Roberts M, 1976.
Sauna-takers disease. Hypersensitivity due to contaminated
water in a home sauna. Journal of the American Medical Associ-
ation 236: 2209-2211.

Montiel A, Rigal S, Welté B, 1999. Study of the origine of musty
taste in the drinking water supply. Water Science and Technology
40: 171-177.

Moreau C, 1979. Moulds, Toxins and Food, 2nd edn. John Wiley &
Sons, New York.

Muittari A, Kuusisto P, Virtanen P, Sovijdrvi A, Grénroos P,
Harmoinen A, Antila P, Kelloméki L, 1980. An epidemic of
extrinsic allergic alveolitis caused by tap water. Clinical Allergy
10: 77-90.

Nagy LA, Olson BH, 1982. The occurrence of filamentous fungi in
drinking water distribution systems. Canadian Journal of
Microbiology 28: 667-671.

Nagy LA, Olson BH, 1985. Occurrence and significance of bacteria,
fungi and yeasts associated with distribution pipe surfaces. In:
Proceedings of the American Water Works Association, Water
Quality Technical Conference. American Water Works Associa-
tion, Denver, CO, pp. 213-238.

Niemi RM, Knuth S, Lundstrém K, 1982. Actinomycetes and fungi
in surface waters and in potable water. Applied and Environ-
mental Microbiology 43: 378-388.

Nystrém A, Grimvall A, Krantz-Riilcker C, Sdvenhed R,
Akerstrand K, 1992. Drinking water off-flavour caused by
2,4,6-trichloroanisole. Water Science and Technology 25:
241-249.

Ormerod KS, 1987. Heterotrophic microorganisms in distribution
systems for drinking water. Vatten 43: 262-268.



172

G. Hageskal et al.

Panagopoulou P, Filioti ], Petrikkos G, Giakouppi P, Anatoliotaki M,
Farmaki E, Kanta A, Apostolakou H, Avlami A, Samonis G,
Roilides E, 2002. Environmental surveillance of filamentous
fungi in three tertiary care hospitals in Greece. Journal of
Hospital Infection 52: 185-191.

Paterson RRM, 2006. Fungi and fungal toxins as weapons. Myco-
logical Research 110: 1003-1010.

Paterson RRM, Gongalves AB, Lima N, 2006. Mycological exami-
nation and biofilm formation in drinking water. In: Proceedings
of the 8th International Mycological Congress. SAPMEA, Eastwood,
Australia, p. 129.

Paterson RRM, Kelley J, Gallagher M, 1997. Natural occurrence of
aflatoxins and Aspergillus flavus (Link) in water. Letters in Ap-
plied Microbiology 25: 435-436.

Paterson RRM, Lima N, 2005. Fungal contamination of drinking
water. In: Lehr J, Keeley J, Lehr J, Kingery TB (eds), Water En-
cyclopedia John Wiley & Sons, New York.

Paterson RRM, Venancio A, Lima N, 2007. Why do food and drink
smell like earth? In: Méndez-Vilas A (ed), Microbiology Book
Series — Communicating Current Research and Education Topics
and Trends in Applied Microbiology. Formatex, Badajoz, Spain,
pp. 120-128.

Pedro-Botet ML, Sanchez I, Sabria M, Sopena N, Mateu L, Garcia-
Nuifiez M, Rey-Joly C, 2007. Impact of copper and silver ioni-
zation of fungal colonization of the water supply in health
care centers: implications for immunocompromised patients.
Clinical Infectious Diseases 45: 84-86.

Perlroth J, Choi B, Spellberg B, 2007. Nosocomial fungal infections:
epidemiology, diagnosis, and treatment. Medical Mycology 45:
321-346.

Pfaller MA, Pappas PG, Wingard JR, 2006. Invasive fungal patho-
gens: current epidemiological trends. Clinical Infectious Diseases
43: S3-5S14.

Pires-Goncalves RH, Sartori FG, Montanari LB, Zaia JE, Melhem MSC,
Mendes-Giannini MJS, Martins CHG, 2008. Occurrence of fungi
in water used at a haemodialysis centre. Letters in Applied
Microbiology 46: 542-547.

Pitt JI, Hocking AD, 1999. Fungi and Food Spoilage, 2nd edn. Aspen
Publishers, Gaithersburg, MD.

Ribeiro A, Machado AP, Kozakiewicz Z, Ryan M, Luke B,

Buddie AG, Venancio A, Lima N, Kelley J, 2006. Fungi in bottled
water: a case study of a production plant. Revista Iberoameri-
cana de Micologia 23: 139-144.

Rosenzweig WD, Minnigh H, Pipes WO, 1986. Fungi in potable
water distribution systems. American Water Works Association
78: 53-55.

Samson RA, Hoekstra ES, Frisvad JC, 2004. Introduction to food- and
airborne Fungi, 7th edn. Centraalbureau voor Schimmelcul-
tures, Utrecht.

SchiiRler A, Schwarzott D, Walker C, 2001. A new fungal phylum,
the Glomeromycota: phylogeny and evolution. Mycological
Research 105: 1413-1421.

Schwab CJ, Straus DC, 2004. The roles of Penicillium and
Aspergillus in sick buildings syndrome. Advances in Applied
Microbiology 55: 215-237.

Skaar I, @stensvik @, 2005. Moulds in water from Oset and Skul-
lerud waterworks (in Norwegian). Report from Oslo Water and
Sewerage Works, Oslo.

Straus DC, 2004. Sick building syndrome. Advances in Applied
Microbiology 55: 3-473.

VandenBergh MFQ, Verweij PE, Voss A, 1999. Epidemiology of
nosocomial fungal infections: invasive aspergillosis and the
environment. Diagnostic Microbiology and Infectious Disease 34:
221-227.

Varo SD, Martins CHG, de Oliveira Cardoso MJ, Sartori FG,
Montanari LB, Pires-Gongalves RH, 2007. Isolation of filamen-
tous fungi from water used in a hemodialysis unit (in Brazilian).
Revista da Sociedade Brasileira de Medicina Tropical 40: 326-331.

Vesper SJ, McKinstry C, Yang C, Haugland RA, Kercsmar CM,
Yike I, Schluchter MD, Kirchner HL, Sabolewski ], Allan TM,
Dearborne DG, 2006. Specific molds associated with asthma in
water-damaged homes. Journal of Occupational and Environ-
mental Medicine 48: 852-858.

Waipara NW, 1998. A Method to Asses the Lethal Effect of uv-C Irra-
diation of Fungal Spores on a Dry Surface. National Veterinary
Institute, Oslo.

Warris A, Gaustad P, Meis JFGM, Voss A, Verweij PE,
Abrahamsen TG, 2001. Recovery of filamentous fungi from
water in a paediatric bone marrow transplantation unit. Jour-
nal of Hospital Infection 47: 143-148.

Warris A, Klaassen CHW, Meis JFGM, de Ruiter MT, de Valk HA,
Abrahamsen TG, Gaustad P, Verweij PE, 2003. Molecular epi-
demiology of Aspergillus fumigatus isolates recovered from
water, air and patients shows two clusters of genetically dis-
tinct strains. Journal of Clinical Microbiology 41: 4101-4106.

Warris A, Voss A, Abrahamsen TG, Verweij PE, 2002. Contami-
nation of hospital water with Aspergillus fumgatus and other
moulds. Clinical Infectious Diseases 34: 1159-1160.

West PR, 1986. Isolation rates and characterization of fungi in
drinking water distribution systems. In: Proceedings of the
Water Quality Technology Conference. American Water
Works Association, Portland, OR, pp. 457-473.

White DA, 2005. Aspergillus pulmonary infections in transplant
recipients. Clinics in Chest Medicine 26: 661-674.

Zacheus OM, Martikainen PJ, 1995. Occurrence of heterotrophic
bacteria and fungi in cold and hot water distribution systems
using water of different quality. Canadian Journal of Microbiology
41: 1088-1094.



	The study of fungi in drinking water
	Drinking water quality
	The history of fungal water studies
	Significance and health aspects
	Limits in the methodology
	Contradictions in interpreting the significance
	Precautionary measures
	Practical consequences of fungi in water
	Conclusions
	Acknowledgements
	References


