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Abstract

This study aimed to assess the efficacy of the treatments used to eliminate fungal propagules in water plants and to investigate the
biodiversity of fungal taxa in treated and drinking water. We investigated water from nine sites in two water plants and from one
fountain. Up to 25 samples from each site were analysed. Identification of fungi was carried out mainly by matrix-assisted laser
desorption ionisation—time of flight (MALDI-TOF) mass spectrometry (MS) or, if no MALDI-TOF MS reference spectra were
available, by internal transcribed spacer (ITS), partial transcription elongation factor 1 (zef7) or partial beta-tubulin sequencing. A
total of 92 taxa could be identified by either MALDI-TOF MS or sequencing. The taxonomic spectrum is in agreement with that
reported in publications on fungal communities of drinking water. The treatment steps used reduced significantly fungal colo-
nisation of the water: even if the final products (drinking water) from both plants differ statistically in their fungal colony-forming
units (CFUs) content, the difference is not biologically meaningful. A multivariate analysis showed a separation of the sampling
sites of the two plants, reflecting the different origin of the raw water and the different water treatment processes. Reduction of
fungal CFU and number of taxa by the treatment steps was similar in the two plants and not influenced by the treatment methods.
In both plants, the first step was responsible for at least 90% reduction of CFU. Low CFU levels were maintained over the whole
process chain and the water transport to the drinking water fountain did not significantly modify the CFU number.
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Introduction

Drinking water usually originates from aquifers, springs or
surface water. Ground- or spring water is often suitable for
human consumption without any treatment. In contrast, water
from lakes, rivers and reservoirs often contains organisms
(Rose and Botzenhart 1990; Schleupen 1996) that are
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potentially harmful (WHO 2017) and need to be processed
before human use.

In modern water plants processing surface water, several
cleaning and disinfecting steps are used to produce drinking
water. The purification process can be carried out by chemical
methods such as oxidation with elemental chlorine, chlorine
dioxide or ozone, and physical treatments, including filtration
with a variety of materials such as sand, anthracite or activated
carbon, and membrane filtration (Kelley 2001; Lemley et al.
1995; Mauclaire et al. 2004; Niemi et al. 1982).

Chlorine and ozone are very potent disinfecting agents that
inactivate microorganisms and viruses (Lezcano et al. 1999;
Rennecker et al. 1999). In addition, ozone can induce floccula-
tion and break down complex organic compounds into degrad-
able molecules (Jekel 1994). Filters retain particles and microor-
ganisms residing in the filters can eliminate biodegradable organ-
ic matter; modern membranes can also retain particles as small as
viruses (Harman et al. 2010; Jermann et al. 2008; Teunis et al.
2009). UV irradiation can serve as a last disinfection step before
the clean water is pumped into the reservoirs and the distribution
network (Schwartz et al. 2003). Drinking water must meet high
quality requirements and comply with local regulations. No legal
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limits have been set for fungi, although their presence in drinking
water is unwelcome (Sonigo et al. 2011).

Fungi can be abundant in surface water sources (WHO
2017) but at least in Europe they are rarely present in water to
be used for human consumption. Most fungi are not adapted to
aquatic environments, but propagules of several yeasts and fil-
amentous fungal taxa can survive in surface water, with some
species having adjusted to living in aquatic systems (Jones et al.
2014) and playing a major role in the decomposition of organic
matter (e.g. Cornut et al. 2012). Fungal spores can enter drink-
ing water systems through several pathways (Sonigo et al.
2011), survive as planktonic forms in the water (Jones et al.
2014), or colonise the inner surface of pipes (and possibly fil-
ters) through biofilm formation (Douterelo et al. 2016).

Only scant information exists on the presence of fungi in
treated drinking water (Doggett 2000; Géttlich and Flemming
2002; Gottlich et al. 2002; Grabinska-Loniewska et al. 2007;
Hageskal et al. 2006; Hageskal et al. 2009; Kanzler et al.
2008; Pereira et al. 2010; Sonigo et al. 2011). The most recent
studies still report colony-forming unit (CFU) frequencies
from 1 to 5000 per litre, the most frequently isolated taxa
being Acremonium, Aspergillus, Cladosporium, Penicillium
and Phialophora species (Hageskal et al. 2006; Hageskal
et al. 2009; Sonigo et al. 2011). While some of them may be
opportunistic human pathogens or toxins and/or allergen pro-
ducers, it is generally accepted that their presence at low fre-
quencies in drinking water should not be of concern but for the
development of foul taste and odour (Hageskal et al. 2006)
and, most importantly, their potential for causing hospital-
acquired infections (Mesquita-Rocha et al. 2013; Sonigo
et al. 2011). Water treatment processes have been shown to
be effective in reducing (but not eliminating) the number of
fungal CFUs in water (Sonigo et al. 2011).

Limited data are available on the occurrence of fungal taxa in
untreated vs. treated water and the efficiency of current disin-
fection and treatment practices on their frequency. This study
aimed to assess the efficacy of the treatment schemes used to
eliminate fungal propagules. Further objectives were to inves-
tigate the biodiversity of fungal taxa (most likely present as
spores) in water undergoing treatment processes and in drinking
water produced by two water plants obtaining their water from
two ecosystems and using different treatment processes, as well
as to obtain information on the potential occurrence of toxigenic
or pathogenic species in the water systems tested.

Material and methods
Sites studied
We investigated water from different sites in two water plants

(Hardhof and Lengg) in Zurich, Switzerland. Both water
plants deliver drinking water to the town and its surroundings.

@ Springer

In Hardhof, groundwater, recharged with disinfected
(chlorinated) river bank filtrate, is pumped from the aquifer;
in Lengg, lake water passes several treatment steps before it is
pumped into the drinking water reservoirs. The sites studied
are shown in Fig. 1 and the water quality is described in
Table 1.

At the Hardhof plant, sampling site H1 is untreated water
from the River Limmat, an effluent of Lake Zurich. Its water
quality varies according to the water level, the season and
weather conditions. Site H2 is a natural river bank filtrate,
and H3 is a chlorinated river bank filtrate (disinfection with
chlorine and chlorine dioxide) after passage through a sand
filter below the recharge basin. H2 and H3 contain varying
amounts of natural groundwater. H4 is a mix of varying per-
centages of natural groundwater, recharged groundwater from
injectors and recharge basins, and direct inflow of river bank
filtrate.

Sampling sites at the Lengg plant included L1, with un-
treated water from the mesotrophic Lake Zurich. The water
catchment is located 32 m below the surface: at this depth, the
water has a constant temperature of 4-8 °C. The plankton and
nutrients contents depend on the stratification of the lake:
during summer the catchment is below the thermocline and
the water is relatively poor in algae, while in winter the lake
mixes and organisms from the epilimnion are frequent. L2
contains water after pre-oxidation with ozone; L3 water after
rapid sand filtration; L4 water after intermediate ozonation
(disinfection step); and L5 water after activated carbon filtra-
tion and slow sand filtration, to be then released as drinking
water into the reservoirs.

Up to 25 samplings were carried out at each Hardhof and
Lengg site from March 2014 to March 2015 and April 2015 to
February 2016, respectively, at 2-week intervals. In addition,
drinking water from a fountain in the town of Zurich,
Switzerland, selected because of its remote location and the
long retention time of the water in the pipes, was also sampled
during the period March 2014 — July 2014 (Table 1).

Sampling and isolation of fungi

One litre of each water sample was collected and one millilitre
of'asterile 0.1 M sodium thiosulfate solution was immediately
added to samples originating from ozonated water to stop
ozone activity. Samples were brought back to the laboratory
and dilution series (for samples of raw water) were prepared
for further processing. The water was then filtered using sterile
membrane filters (pore size 0.45 pm, Whatman cat. no.
10407314) and the filters were incubated for 7 days at 20 °C
on Sabouraud glucose selective agar supplemented with chlor-
amphenicol and gentamicin (Oxoid, article no. PO5096A) to
suppress bacterial growth. Fungal growth was checked after
7 days and the CFUs were counted.
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Fig. 1 Graphical display ofthe plants Hardhof (A) and Lengg (B). A: The
drinking water obtained is a mix of natural groundwater, recharged
groundwater and river bank filtrate. The water flow is represented by
white arrows (in soil) and white bars (in pipes). The water is delivered

Fungal identification

Microscopy was used to identify sporulating isolates at the
genus level. Identification at the species level was carried
out mainly by matrix-assisted laser desorption ionisation—
time of flight (MALDI-TOF) mass spectrometry (MS) or,
if no MALDI-TOF MS reference spectra were available,
internal transcribed spacer (ITS) region 1, ITSI1+2 (ITS
region 1, 5.8S rDNA, ITS region 2), partial transcription
elongation factor 1 (tefl) or partial beta-tubulin
sequencing.

For the unidentified sp. 47 and 62, MALDI-TOF MS could
not resolve whether or not those were distinct taxa.

to the drinking water reservoirs. See text for additional details. B: The raw
lake water passes several cleaning steps before it is pumped into the
drinking water reservoirs. The water flow is represented by white bars

DNA sequencing

Strains were grown on Sabouraud gentamicin chlorampheni-
col 2 agar plates (SGC2, bioM¢érieux, France). Genomic DNA
was extracted from individual isolates by phenol-chloroform
(Ausubel et al. 1989) with a 10-mg/ml lysozyme pre-treatment
of 2 h at 37 °C or using the QIAamp DNA blood mini kit
(QIAGEN, Basel, Switzerland) according to manufacturer’s
instructions, after incubation in digestion buffer.

As a rule, only the ITS regions were sequenced, but de-
pending on the outcome of the identification, different gene
targets were subsequently selected for additional checks.
Paraphoma fimeti, Penicillium chermesinum, Phoma cf.
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Table 1 Features of the sites studied at the Hardhof and Lengg plants and of the drinking water fountain
Water plant ~ Site ~ Water type No. of samples ~ No. of samples with fungal Water temperature (°C)
growth present — absent —n.e.  Mean (min-max)
Hardhof H1 Untreated river water 25 21-1-3 12.4 (4.6-20.8)
H2 Natural river bank filtrate with a varying 25 22-3-0 15.4 (12.2-17.7)
share of groundwater
H3 Chlorinated river bank filtrate with a varying 10 5-5-0 n.a.
share of groundwater
H4 Groundwater 25 23-2-0 14.4 (10.1-17.1)
(mix of different water types; already
of drinking grade)
Lengg L1 Untreated lake water 21 21-0-0 7.1 (6.5-8.2)
L2 Pre-ozonated water 21 21-0-0 6.4 (5.8-7.3)
L3 Rapid sand filtered water 21 19-1-1 6.5 (5.6-7.8)
L4 Intermediate ozonated water 21 16-5-0 6.3 (5.6-7.0)
L5 Activated carbon and slow sand-filtered 21 17-4-0 6.4 (5.8-7.1)
water (drinking grade)
Fountain F1 Drinking water 10 10-0-0 14.5 (9.3-19.1)

n.a.: not available; n.e.: not evaluable. Samples were collected at Hardhof and at the drinking fountain during the period 17 March 2014 to 3 March 2015
and at Lengg from 14 April 2015 to 23 February 2016 at 2-week intervals.

herbarum, Pochonia bulbillosa, Pseudocosmospora vilior,
Saprolegnia cf. australis, Thysanophora penicillioides and
Ulocladium sp. were identified using ITS1 only. ITS1 +2
were used for the genera Acremonium, Bionectria,
Cadophora, Epicoccum (Aveskamp et al. 2010; Chen et al.
2015), Exophiala, Geotrichum (De Hoog and Smith 2004),
Mortierella (Petkovits et al. 2011), Ochroconis,
Peyronellaea (Aveskamp et al. 2010; Chen et al. 2015),
Phaeosphaeria, Pyrenochaetopsis and some Trichoderma
isolates (Druzhinina et al. 2005; Nagy et al. 2007). The beta-
tubulin (btub) partial gene was additionally used for
Cladosporium (Bensch et al. 2012; Zalar et al. 2007),
Ophiostoma, Penicillium (Visagie et al. 2014) and Phoma
(Aveskamp et al. 2010; Chen et al. 2015), and the tef! partial
gene for Fusicolla (Lombard et al. 2015) and some
Trichoderma isolates (Druzhinina et al. 2005; Nagy et al.
2007).

The ITS1 region was amplified using the forward primer
ITS5 and the reverse primer ITS2 (White et al. 1990) and the
sequences were generated on both strands using the primers
ITSS and ITS2. The ITS1 + 2 region was amplified using ITS1
(forward) and ITS4 (reverse; White et al. 1990) and sequences
were generated with the ITS4 primer. The bfub partial gene
was amplified using Bt2a (forward) and Bt2b (reverse; Glass
and Donaldson 1995) and sequences were generated with
Bt2a. Amplification of the partial tefl gene was performed
with EF1-728F (forward) and TEF1-Rev (reverse;
Druzhinina et al. 2004; Samuels et al. 2002) and sequences
were generated with EF1-728F.

ITS1 sequences were aligned with the SeqMan package
(DNAStar Inc., Madison, WI, USA) and the obtained consen-
sus sequences identified with BLAST (www.ncbi.nlm.nih.
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gov/BLAST). ITS1+2, btub and tefl sequences were
processed using the Mega 6.06 software (Tamura et al.
2013). Identifications were carried out by constructing phylo-
genetic trees with sequences of previously well-identified fun-
gal isolates (neighbour-joining method with the Kimura two-
parameter distances bootstrapped with 1000 replicates),
pairwise sequence alignment with BLAST (https://blast.ncbi.
nlm.nih.gov) or the tool available in the CBS-KNAW culture
collection (http://www.westerdijkinstitute.nl). ITS sequences
of Trichoderma spp. were identified using the trichOKEY
barcoding [http://www.isth.info/tools/molkey (Druzhinina
et al. 2005)].

Sequences of fungi identified to the species level by mo-
lecular methods have been deposited in the GenBank database
and the corresponding accession numbers are included in
Table 2.

Preparation of samples for MALDI-TOF MS analyses

Fungal material taken from freshly grown samples on solid
agar plates was transferred into a 1.5-ml microtube con-
taining 20 pl of 25% formic acid; mycelium and spores
were crushed using a pestle or a loop and stored for up to
30 min before further processing. The resulting cell sus-
pension was spotted in quadruplicate on a steel target plate
and dried at room temperature. The spots were overlaid
with 1 pl of matrix solution consisting of alpha-cyano-4
hydroxycinnamic acid (CHCA; Sigma-Aldrich, Buchs,
Switzerland) in 33% acetonitrile (Sigma-Aldrich), 33%
ethanol and 3% trifluoroacetic acid (TFA) and kept at room
temperature for a few minutes until co-crystallisation was
completed.
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Table 2  Fungal taxa (raw CFU frequencies and percentages of the total number of CFUs) isolated from the Hardhof and Lengg plants
Taxon H2 H3 H4 Total (treated % of all H1 Grand  FountainF1
sites)H2-F1 taxaH2—F1 total
A — Hardhof
Aureobasidium pullulans (de Bary) G. Arnaud 0 0 1 2 0.16 9200 9202 1
Bionectria solani (Reinke & Berthold) Schroers 14 0 O 14 1.12 0 14 0
(MG660848)
Cadophora malorum (Kidd & Beaumont) W. Gams 136 0 9 146 11.64 0 146 1
(MG660849 to MG660852)
Cladosporium cladosporioides (Fresen.) G.A. de Vries 0 0 O 0 0.00 1000 1000 0
Cladosporium sp. 0 0 O 0 0.00 4100 4100 0
Cladosporium sp. A 11 0 2 13 1.04 1000 1013 0
Cladosporium sp. B 0o 0 2 2 0.16 2700 2702 0
Epicoccum nigrum Link (MG660846, MG660847) 0 0 0 0 0.00 200 200 0
Exophiala salmonis Carmich. (MG660843) 101 0 2 106 8.45 0 106 3
Fusicolla aquaeductuum (Radelk. & Rabenh.) Grafenhan, 0 0 9 17 1.36 0 17 8
Seifert & Schroers (MG660840)
Penicillium bialowiezense K.M. Zalessky 0 0 4 4 0.32 600 604 0
(MG660833 to MG660837)
Penicillium expansum Link 0 0 O 0 0.00 100 100 0
Pochonia bulbillosa (W. Gams & Malla) Zare & W. Gams 1 30 6 0.48 0 6 2
Pseudocosmospora vilior (Starback) C. Herrera & P. 95 43 208 354 28.23 0 354 8
Chaverri
Purpureocillium lilacinum (Thom) Luangsa-ard, 1 2 22 25 1.99 0 25 0
Houbraken, Hywel-Jones & Samson
Saprolegnia cf. australis R.F. Elliott 0 0 O 0 0.00 200 200 0
Thysanophora penicillioides (Roum.) W.B. Kendr. 0o 0 0 0 0.00 0 0 0
Ulocladium sp. 0 0 O 0 0.00 0 0 0
Unidentified sp. 11 0 0 O 5 0.40 200 205 5
Unidentified sp. 47** 0 0 0 0 0.00 0 0 0
Unidentified sp. 62** 0o 0 0 0 0.00 0 0 0
Others* 386 25 75 493 39.31 63,700 64,193 7
Total (taxa >1%) 745 73 334 1187 94.66 83,000 84,187 35
Taxa representing <1% of total (70 taxa) 9 6 39 67 5.34 16,800 16,867 13
Grand total 754 79 373 1254 100.00 99,800 101,054 48
B —Lengg
Taxon L2 L3 14 L5 Total(treated % of all L1 Grand total
sites)L2-L5 taxal.2—
L5
Aureobasidium pullulans (de Bary) G. Arnaud 4 0 O 1.50 80 84
Bionectria solani (Reinke & Berthold) Schroers 0 0 0 0 0.00 0 0
Cadophora malorum (Kidd & Beaumont) W. Gams 0o 0 9 10 3.76 0 10
Cladosporium cladosporioides (Fresen.) G.A. de Vries 1 0 1 18 20 7.52 80 100
Cladosporium sp. 4 0 O 13 4.89 60 73
Cladosporium sp. A 4 0 O 5 1.88 130 135
Cladosporium sp. B 0 2 10 37 49 18.42 0 49
Epicoccum nigrum Link 21 0 O 0 21 7.89 0 21
Exophiala salmonis Carmich. 0o 0 O 0.00 0
Fusicolla aquaeductuum (Radelk. & Rabenh.) Grifenhan, 0o 0 O 0.00 0
Seifert & Schroers
Penicillium bialowiezense K.M. Zalessky 0o 0 O 1.88 160 165
Penicillium expansum Link 0o 3 0 1.13 60 63
Pochonia bulbillosa (W. Gams & Malla) Zare & W. Gams 0 0 0 14 14 5.26 0 14
Pseudocosmospora vilior (Starback) C. Herrera & P. 0 0 O 0 0 0.00 0 0

Chaverri
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Table 2 (continued)

Taxon H2 H3 H4 Total (treated % of all H1 Grand  FountainF1
sites)H2-F1 taxaH2-F1 total

Purpureocillium lilacinum (Thom) Luangsa-ard, 0 0 0 0 0 0.00 0 0
Houbraken, Hywel-Jones & Samson

Saprolegnia ct. australis R.F. Elliott 0o 9 0 0 9 3.38 0

Thysanophora penicillioides (Roum) W.B. Kendr. 0o 3 0 1.13 0

Ulocladium sp. 2 3 0 1.88 0

Unidentified sp. 11 0o 0 0 13 13 4.89 0 13
Unidentified sp. 47** 316 0 20 7.52 0 20
Unidentified sp. 62** 5 0 0 0 5 1.88 0 5
Others* 37 1 4 0 42 15.79 1290 1332
Total (taxa >1%) 81 37 24 99 241 90.60 1860 2101
Taxa representing <1% of total (70 taxa) 4 2 3 6 25 9.40 1070 1095
Grand total 95 39 27 105 266 100.00 2930 3196

Only those taxa that account for at least 1% of the total CFUs are reported in the table. The total for each site has been computed on different numbers of
samplings and no direct comparisons can be made. For abbreviations for the sites, see Table 1. The drinking water site (F1) has been included in
Table 2A, although it is not directly linked to the Hardhof plant. Unidentified sp.: no name match by MALDI-TOF or sequencing data. GenBank
accession numbers of fungi identified to the species level by molecular techniques are provided in parentheses

Rare isolates (<1% of total in treated samples) include: Acremonium kiliense Griitz (MG660844, MG660845), Aspergillus versicolor (Vuill.) Tirab.,
Aspergillus cf. thermomutatus (Paden) S.W. Peterson, Candida parapsilosis (Ashford) Langeron & Talice, Chaetomium globosum Kunze ex Fr.,
Cladosporium halotolerans Zalar, de Hoog & Gunde-Cim. (MG660838), Cladosporium spp., Debaryomyces hansenii (Zopf) Lodder & Kreger,
Galactomyces pseudocandidum de Hoog & M.T. Sm. (MG660853), Mortierella sp., Ochroconis tshawytschae (Doty & D.W. Slater) Kiril. & Al-
Achmed (MG660854), Ophiostoma piceae (Miinch) Syd. & P. Syd. (MG660839), Paraphoma fimeti (Brunaud) Gruyter, Aveskamp & Verkley,
Penicillium brevicompactum Dierckx, Penicillium chermesinum Biourge, Penicillium chrysogenum Thom, Penicillium cf. citrinum Thom,
Penicillium commune Thom, Penicillium corylophilum Dierckx, Penicillium griseofulvum Dierckx, Penicillium sp., Peyronellaea sp., Phaeosphaeria
avenaria (G.F. Weber) O.E. Erikss., Phaeosphaeria sp., Phoma cf. herbarum Westend., Phoma spp., Pichia guilliermondii Wick., Pochonia
suchlasporia (W. Gams & Dackman) Zare & W. Gams, Pseudocosmospora cf. vilior (Starbdck) C. Herrera & P. Chaverri, Pyrenochaetopsis pratorum
(P.R. Johnst. & Boerema) Gruyter, Aveskamp & Verkley (MG660855), Saccharomyces cerevisiae Meyen, Trametes versicolor (L.) Lloyd, Trichoderma
asperellum Samuels, Lieckf. & Nirenberg, Trichoderma cf. asperellum Samuels, Lieckf. & Nirenberg, Trichoderma atroviride P. Karst. (MG660841,
MG660842), Trichoderma cf. harzianum Rifai, as well as 29 unidentified taxa

*Several isolates (filamentous fungi and yeasts) could not be unambiguously identified and only the counted CFUs are reported

**MALDI-TOF MS could not resolve whether or not those were two distinct species

Acquisition of MALDI-TOF mass spectra and data processing with reference spectra present in the database used, which at the
project start contained already more than 400 fungal and yeast
Spectra were obtained using a MALDI-TOF Axima™  species, in addition to 3500 bacterial, approximately 200 insect
Confidence mass spectrometer (Shimadzu-Biotech, Kyoto, species and more than 100 reference spectra for cell lines. The
Japan), with detection in linear positive mode at a laser frequen-  cut-off level for a reliable species identification had to be above
cy of 50 Hz and within a mass range of 3 to 20 kDa. The  a confidence value of 90%. No identification, regardless of the
acceleration voltage was 20 kV and the extraction delay time  frequency of occurrence of the isolate in the samples, was ac-
200 ns. A minimum of ten laser shots per sample was used to  cepted if this threshold was not reached. All isolates that could
generate each spectrum. For each sample, a total of 50 mass  not be identified by MALDI-TOF MS and accounted for more
fingerprints were averaged and processed using the  than five CFUs were sequenced. Overall, more than 20 new
Launchpad™ 2.8 software (Shimadzu-Biotech). For peak pro-  reference spectra were added to the database after identification
cessing of raw spectra, the following settings were selected: (i) ~ of new isolates by DNA sequencing, but all spectra recorded
advanced scenario from the "Parent Peak Cleanup" menu; (ii) have been included in the database.
peak width set at 80 channels; (iii) smoothing filter width set at
50 channels; (iv) baseline filter width of 500 channels; and (v)  Statistical analysis
dynamic threshold apex method. The threshold offset was set at
0.020 mV with a response factor of 1.2. Each target plate was  All taxa for which an identification was available were treated
calibrated using spectra of the reference strain Escherichia coli  as separate entities. When MALDI-TOF or sequencing data
DHS5« (Invitrogen, Carlsbad, CA, USA). Identification was  did not provide any useful identification but the taxonomic
carried out using available SuperSpectra™ or by comparison  units were clearly distinguishable, taxa were labelled with
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Fig. 2 Results of the NMDS analysis of all sites studied (normalisation:
principal orientation). Loss criterion: 0.0931. Data are average values of
all samples collected at the site

numbers (unidentified species). In a small number of cases,
identification was hampered by technical problems and these
were collectively included in the analysis as “other fungal
organisms”.

For several samples (see also Table 1), no evaluable data
were available; these samples were thus not included in any
analysis. Because of the small number of species and the usu-
ally low frequency of CFUs detected in each sample, data
from all samples of each site were aggregated for multivariate
statistical analyses: therefore, no analysis of the variation of
fungal communities over time was carried out. Raw CFU
frequencies observed at the different sites have been displayed
in boxplots. When appropriate, a two-sided # test was carried
out to confirm statistical differences between samples.

Confirmatory analyses using a Kruskal-Wallis test with
Dunn’s test for multiple comparisons were carried out sepa-
rately for Hardhof and Lengg, because the sites were sampled

Table 3  Results of the Kruskal-Wallis test comparing the sub-sites of
each investigated site

Hardhof Adjusted p value Lengg Adjusted p value
HI1 vs. H2 <0.0001 L1vs. L2 0.0017
H2 vs. H3 0.9511 L2vs. L3 0.1739
H3 vs. H4 0.9999 L3 vs. L4 >0.9999
L4 vs. L5 >0.9999
HI vs. H4 0.0001 Llvs. L5 <0.0001
F1 vs. H4 >0.9999 F1vs. L5 >0.999

Statistically significant differences are highlighted in bold and italics. For
abbreviations see Table 1 and text

over two different years and their ecological features were also
quite different.

A nonmetric multidimensional scaling (NMDS) was car-
ried out on the CFU data of all identified taxa (average number
of CFUs over all samples studied) using the Pearson correla-
tion coefficient as a similarity measure to compare the rela-
tionships of the fungal communities present in the sites
sampled.

Statistical analyses were carried out with Stata SE ver. 14
(StataCorp LLC, College Station, TX, USA) and the graphical
displays of frequencies prepared with Prism 7 (GraphPad
Software, San Diego, CA, USA).

Results

A synopsis of all taxa isolated at the two water plants is pre-
sented in Table 2. A total of 92 fungal taxa could be identified
to the species level or as distinct, unnamed entities by either
MALDI-TOF MS or sequencing. Aureobasidium pullulans
was very frequent in untreated water in both water plants
and was present at a particularly high frequency in untreated
water from Hardhof. Cladosporium and Penicillium species
were also common at both plants in untreated, but rare in
treated water. Epicoccum nigrum was present in untreated
water only at Hardhof and, surprisingly, in treated water in
Lengg. The protistan oomycetous genus Saprolegnia
(Sandoval-Sierra et al. 2014) has been included because of
its importance as a water inhabitant in the temperate zones:
this taxon was comparatively frequent in untreated water sam-
ples of Hardhof but absent in all others, an exception being its
(rare) occurrence in L3 (disinfected and filtered water) in
Lengg. Overall, 21 taxa, accounting for 95% of all CFUs in
Hardhof and 91% in Lengg, were present at frequencies of
more than 1% of the total CFU numbers in each water plant
and were common to both sites.

Figure 2 displays the results of the NMDS analysis.
Dimension 1 separates the Hardhof from the Lengg sites.
Within Lengg, dimension 2 separates clearly the untreated
and pre-ozonated water (L1 and L2) from the samples that
have undergone further treatments, whereas within Hardhof,
the separation of untreated water samples (H1) from all others
is less distinct. Based on the number of CFUs and fungal
biodiversity, fountain water (F1) is separated from the other
samples, being, however, closer to the Hardhof than to the
Lengg samples.

Untreated water (L1 und H1) at both water plants contains
significantly more fungal CFUs than any treated water
(Table 3 and Fig. 3), with the untreated samples at Hardhof
(median: 1700 CFUs) being statistically significantly more
colonised than at Lengg (median: 80). The treatment steps
are effective in reducing fungal CFUs in both plants (Fig. 3):
the median CFU values (calculated over all sampling times) in
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Fig. 3 Boxplots of CFU Hardhof
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Table4 Number of taxa isolated at the different sites (over all samples)
of the two water plants

Hardhof Site H1 H2 H3 H4
H1 35
H2 2 12
H3 0 3
H4 5 5 3 18

Lengg Site L1 L2 L3 L4 L5

L1 21
L2 5 21
L3 1 1 10
L4 2 1 1 6
L5 4 4 3 4 14

Bold: total number of taxa; plain font: number of taxa common to the two
sites
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Hardhof range from 1 (H3) to 10 (H2) and in Lengg from 1
(L5, L4) to 5 (L2). Both treatment chains are effective in
producing CFU-poor drinking water (Table 2 and Fig. 3): in
Hardhof the cumulative number of CFUs recorded decreases
by approx. 99% (from a total of 99,800 to 373, on average
from 4536 to 15) and in Lengg by 96% (from 2930 to 105, on
average from 140 to 5) over the whole treatment.

The decrease in the number of taxa (Table 4) is less rele-
vant; in Hardhof the river bank filtrate (H2) contains only 33%
(12 vs. 35) of the number of taxa detected in untreated water
(H1) whereas in Lengg no changes are seen [21 taxa before
(L1) and after pre-ozonation (L2)].

Fountain water (F1) does not contain a large number of
fungal propagules: the cumulative number of CFUs detected
is 48 (average: 4.8 CFU/L), which is biologically not signifi-
cantly different from the frequencies observed in the
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disinfected samples; the number of taxa reported from F1 is 14
vs. 18 in the Hardhof site H4 and 14 in the Lengg site L5
(drinking water).

Discussion and conclusions

Our study has shown that the treatment steps used to obtain
drinking water from river and groundwater or lake water re-
duce significantly and effectively fungal colonisation of the
water, both in cell count and number of species (probably
present in the water as living spores): even if the final products
(drinking water) from both plants differ statistically in their
fungal CFU content (Mann—Whitney: p = 0.0012), the differ-
ence is biologically not meaningful (median CFU/L values of
W305=9, W207=1).

After the first treatment step, a drastic, statistically signifi-
cant reduction of fungal CFUs in the samples is achieved
(Table 3). The reduction at Lengg can be a consequence of
the treatment, whereas at Hardhof this effect is probably at
least partly due to a dilution of the river bank filtrate with
natural groundwater. The fountain water contains only a very
limited number of CFUs, thus raising no concerns as to its use
for human consumption. The data also suggest that fungal
propagules do not germinate again in the pipeline.

The NMDS analysis (Fig. 2) shows a clear separation of the
sampling sites of the Hardhof and Lengg plants by dimension
1. This reflects the different origin of the raw water and the
different water treatment processes in the two plants, as well
as the 1-year shift of the sampling time. The further separation
of the process waters in Lengg shown by dimension 2, as
compared to the compacter cluster of the Hardhof samples,
cannot be easily explained. Pre-ozonation (the step applied to
the L1 site) probably exerts only a small effect on fungal
propagules in comparison with the other processes, as shown
for other micro-organisms (Gallard et al. 2003). This could
explain why in Fig. 2 the two sites L1 and L2 are very close.

The three sampling sites with treated water at Hardhof are
more closely related with regards to the number of CFUs
detected and their fungal biodiversity. Natural soil, serving
as a large filter and reservoir, provides most likely a much
more homogenous cleaning than the separated steps at
Lengg. In addition, H2, H3 and H4 are located in the same
aquifer. The distance from the river, the injectors and the re-
charge basins at specific sampling sites lead to varying contri-
bution of each water quality to the samples. This mix can
change and, over time, originate similar samples in different
sites.

Samples from the drinking fountain (F1) are more similar
to the Hardhof than Lengg plant (Fig. 2). This could suggest
that the water sampled originated chiefly from Hardhof; on the
other hand, it also indicates that the pipelines do not substan-
tially influence the water with regards to the presence of

fungal taxa or CFUs. This is also supported by the statistical
analysis presented in Table 3, which shows that the CFU
numbers of the water from the public fountain are statistically
not different from those detected in drinking water from either
plant (sites H4 and L5), with no statistical difference between
Hardhof and Lengg.

Fungal CFU reduction by the different treatment steps was
similar in the two plants and was apparently not influenced by
the different treatment methods used at the plants. At both
plants, the first process step (Fig. la and b) was responsible
for the bulk reduction (90% and more) of fungal propagules.
The following downstream processes are important to guaran-
tee a constant drinking water quality, but with regard to the
CFU frequencies, the decrease of fungal CFUs is negligible
(Table 3 and Fig. 3). The last step (leading to water obtained
from sampling sites H4 and L5) seems to have almost no
effect, considering that an increased, albeit statistically non-
significant, number of CFUs is observed in samples from
these sites. This could be due to the growth of propagules still
present after the last disinfection step or the colonisation by
new fungi originating from a filter or an installation. In any
case, the numbers are so small that such a colonisation can be
considered negligible for drinking water quality assurance.

The very low CFU levels are maintained over the whole
process chain (Table 3) and apparently even the transport of
the water through the pipeline to the fountain (F1) does not
significantly modify the number of CFUs (Fig. 3).

The largest reduction of taxa number is achieved in both
plants after the first filtration step (Table 4). This is the river
bank filtration for H2 at Hardhof and the rapid sand filtration
for L3 at Lengg (Fig. 1). The first process step at Lengg (pre-
ozonation) does not reduce the number of taxa (Table 4) but
the fungal community experiences a shift, with 16 taxa
disappearing and 16 new ones emerging. The origin of these
newly appearing taxa is difficult to explain; on the other hand,
most of them were found only once and in small numbers. We
believe, however, that the shift in the fungal communities is
most likely due to random rather than selection events during
pre-ozonation. Random changes in the community composi-
tion can be expected also for the other process steps (Table 4).
At Lengg, important emerging taxa were Epicoccum nigrum
and the unidentified taxa 47 and 62 at site L2; at L3
Saprolegnia sp.; at L4 Cadophora malorum and at L5
Pochonia bulbillosa and the unidentified taxon 11. At
Hardhof, the shift in taxa was prominent between H1 and
H2. Important emerging taxa in H2 were Cadophora
malorum, Exophiala salmonis, Pseudocosmospora vilior,
Bionectria solani and the unidentified taxon 55. Differences
among the Hardhof sites reflect most likely the differences of
the water origin rather than the influence of the individual
process steps.

The taxonomic spectrum of the fungi detected in this in-
vestigation coincides roughly with that reported in previous
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publications on fungal communities in drinking water, regard-
less of the isolation methods and conditions used. Species of
Acremonium, Aureobasidium, Candida, Cladosporium,
Fusarium s. 1., Exophiala, Paecilomyces, Penicillium,
Phialophora s. I. and Phoma s. [. were already reported by
several authors (Doggett 2000; Géttlich and Flemming 2002;
Gottlich et al. 2002; Grabinska-Loniewska et al. 2007;
Hageskal et al. 2006; Heinrichs and Haase 2013; Kanzler
et al. 2008).

Seventeen fungal species were isolated only at the H1 site
in Hardhof, and 10 at the L1 site in Lengg from untreated
water. With regards to treated water, we were able to detect
plant or site-specific as well as unspecific taxa, although the
specificity would need to be verified in more appropriate stud-
ies. Five plant- or site-specific species were detected more
than once and at frequencies of more than five CFUs. These
include Bionectria solani (site H2, in 3 different samplings),
undetermined species 55 (H2, in 2 samplings) and 24 (F1,in 2
samplings). Species 62 was isolated from three samplings at
site L2 and Saprolegnia cf. australis at site L3 (seven sam-
plings). The presence of Bionectria in river bank filtrate is not
surprising because Bionectria spp. live saprobically (rarely
parasitically) on Myxomycota, Oomycota and nematodes and
have rarely been isolated from water, air or from the built
environment (Schroers 2001).

Other plant-specific and comparatively frequent species
include Exophiala salmonis, Fusicolla aquaeductuum [syn.:
Fusarium aquaeductuum (Rabenh. & Radlk.) Lagerh. &
Rabenh.], Ochroconis tshawytschae, Purpureocillium
lilacinum (syn. Paecilomyces lilacinus Thom) and
Pseudocosmospora vilior at the Hardhof plant; at Lengg, only
undetermined species 47 was plant-specific and found at fre-
quencies higher than 1%. Recent data have shown that
Exophiala species may be present in drinking water
(Gottlich et al. 2002) and E. salmonis is known to be a fish
parasite (De Hoog et al. 2011; Langvad and Engjom 2016).
Fusarium species usually live saprobically in the soil and in
water (Fusarium-like clade: Triest et al. 2016), and several
species are known plant pathogens (Summerell et al. 2010).
Fusicolla aquaeductuum, on the other hand, is frequently iso-
lated from river water and water pipes (Gerlach and Nirenberg
1982). Ochroconis species are mostly cosmopolitan and have
been isolated from different substrates, including immuno-
compromised human hosts and the built environment
(Giraldo et al. 2014; Samerpitak et al. 2015), but have so far
never been observed in water. P. lilacinum is a saprobe and is
known as an opportunistic human pathogen in immunocom-
promised patients (Luangsa-ard et al. 2011) that has so far
never been reported in processed water. Penicillium
brevicompactum was isolated exclusively at the Lengg plant
(L1 and L2) and P, chrysogenum at the Hardhof plant (H1 and
H4). Both species are known to also inhabit the built environ-
ment, in particular where the relative humidity is high (Scott
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et al. 2008). Cadophora malorum, a soil-borne or wood-
inhabiting fungus (Harrington and McNew 2003), as well as
the nematode parasite Pochonia bulbillosa (Zare et al. 2001)
were isolated from processed water from both water plants.

Some fungal species known to produce mycotoxins (see
e.g. Fog Nielsen 2003; Fogle et al. 2008; Frisvad and
Samson 2004; Klich 2002) were detected during this investi-
gation, albeit in very small numbers. These include
Aspergillus versicolor (site H4), Chaetomium globosum
(H1), Penicillium brevicompactum (L1 and L2),
P chrysogenum (Hland H4) and P. expansum (H1, L1 and
L3).

With regards to the taxa representing the comparatively
high CFU number (493) recovered from the Hardhof plant
(Table 2), only 75 CFUs were present in drinking water and
2 taxa accounted for 65 of them. Among the sequenced iso-
lates that could not be unambiguously identified (Table 2), the
presence of mycotoxin-producing taxa cannot be excluded,
even if the obtained sequences did not suggest any close rela-
tionship of the isolates with known mycotoxin-producing spe-
cies. Mycotoxin production, however, has not been studied
specifically within this project. It is unlikely that the fungi
isolated produce mycotoxins in water but this needs to be
further investigated.

This study has some limitations. For technical and logistic
reasons, sampling had to be carried out during two different
study periods. In addition, the origin of the water collected at
the fountain could not be unequivocally assigned to either
plant. The data structure, with many taxa appearing only spo-
radically in the samples, did not allow carrying out a temporal
analysis of the changes in the fungal communities occurring in
the different sites. Finally, several isolates could not be iden-
tified by any of the methods used, which suggest a remark-
able, hitherto not completely studied fungal biodiversity in
water. Nevertheless, this investigation has shown that fungal
propagules are present in raw water and their number is effec-
tively reduced by the treatment steps applied to produce drink-
ing water.
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