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@Sﬁ.‘?&fﬁ%ﬁ‘ﬂi Eukaryotic community diversity and spatial
variation during drinking water production (by

e ey "™ seawater desalination) and distribution in a full-
scale networkf

A. Belila,? J. El-Chakhtoura,*? P. E. Saikaly,?
M. C. M. van Loosdrecht® and J. S. Vrouwenvelder?®©

Eukaryotic microorganisms are naturally present in many water resources and can enter, grow and colonize
water treatment and transport systems, including reservoirs, pipes and premise plumbing. In this study, we ex-
plored the eukaryotic microbial community structure in water during the (i) production of drinking water in a
seawater desalination plant and (i) transport of the drinking water in the distribution network. The desalination
plant treatment involved pre-treatment (e.g. spruce filters), reverse osmosis (RO) membrane filtration and
post-treatment steps (e.g. remineralization). 454 pyrosequencing analysis of the 18S rRNA gene revealed a
highly diverse (35 phyla) and spatially variable eukaryotic community during water treatment and distribution.
The desalination plant feed water contained a typical marine picoeukaryotic community dominated by
Stramenopiles, Alveolates and Porifera. In the desalination plant Ascomycota was the most dominant phylum
(15.5% relative abundance), followed by Alveolata (11.9%), unclassified fungi clade (10.9%) and Porifera (10.7%).
In the drinking water distribution network, an uncultured fungi phylum was the major group (44.0%), followed
by Chordata (17.0%), Ascomycota (11.0%) and Arthropoda (8.0%). Fungi constituted 40% of the total eukaryotic
community in the treatment plant and the distribution network and their taxonomic composition was domi-
nated by an uncultured fungi clade (55%). Comparing the plant effluent to the network samples, 84 OTUs
(2.1%) formed the core eukaryotic community while 35 (8.4%) and 299 (71.5%) constituted unique OTUs in the
produced water at the plant and combined tap water samples from the network, respectively. RO membrane
Received 29th September 2016, filtration treatment significantly changed the water eukaryotic community composition and structure,
Accepted 15th November 2016 highlighting the fact that (i) RO produced water is not sterile and (ii) the microbial community in the final tap
DOI: 10.1039/c6ew00265] water is influenced by the downstream distribution system. The study results raise questions concerning the
source of the major eukaryotic community in the network and the emergence of fungi as a dominant group
rsc.li/es-water in the drinking water distribution system suggests that these microorganisms need special attention.

Water impact

Eukaryotic microorganisms constitute an important group in the drinking water system microbiome. They influence the bacterial ecology and can be
opportunistic pathogens. This study highlights the taxonomic and phylogenetic diversity of the eukaryotic community during the (i) production of drinking
water in a seawater desalination plant and (ii) transport of the produced drinking water in the distribution network. Results reveal the influence of
different treatment processes and network distribution on the eukaryotic community structure, specifically the fungal community which emerged as a
dominant group during reverse osmosis treatment and in the final household tap water.
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Eukaryotic microorganisms are present in drinking water pro-
duction and distribution systems, where several studies
worldwide have reported the presence of protozoa,"” algae,*
invertebrates®® and fungi.” " The presence of some micro-
bial eukaryotes (i.e. free living protozoa) in drinking water
distribution systems (DWDS) constitutes a public health con-
cern either due to their potential pathogenicity such as
Acanthamoeba, Candida and Aspergillus">™"* or by harboring a
variety of pathogenic bacteria,”” including Legionella."®
Microbial eukaryotes may shelter potentially pathogenic
microbes and provide disinfection protection, e.g. nematodes
which were shown to be responsible for recurring high levels
of total coliforms (i.e. Shigella spp.) in chlorinated drinking
water storage reservoir pump stations.'” Also, amphipods, in-
sect larvae and copepods isolated from a distribution system
were found to contain putative opportunistic pathogens from
various Aeromonas, Pseudomonas and Staphylococcus spp.'”
Moreover, eukaryotes visibly occurring in drinking water will
be perceived by consumers as indicative of low water quality
and hygiene.

Based on their main food source (bacteria, fungi and al-
gae), eukaryotes potentially play an important role in shaping
the in situ microbial composition of DWDS. However, little is
known about microbial eukaryotic diversity in these
engineered systems. Compared to 16S rRNA gene-based pro-
karyotic community analysis, limited data is available on the
eukaryotic ecology of drinking water treatment plants (WTP)
and drinking water distribution systems (DWDS). A few stud-
ies have assessed eukaryotic community diversity in the bulk
water'>'®'® in comparison with biofilms.**>* 18S rRNA gene
pyrosequencing has provided insight on the eukaryotic com-
munity structure of drinking water produced from surface
water'>>* and groundwater."

Reverse osmosis (RO) membrane-based seawater desalina-
tion has gained wide acceptance around the world as a solu-
tion for the alarming fresh water crisis in many regions.
Compared with other WTPs, there is still scant information
about the microbial ecology of desalination plants.>® The ob-
jectives of this study were to investigate the taxonomic and
phylogenetic diversity of the eukaryotic community in water
during the (i) production of drinking water in a seawater de-
salination plant and (ii) transport of the drinking water in
the distribution network, including storage reservoirs, pipes
and premise plumbing. The spatial variation of the eukary-
otic community was characterized from the seawater (source)
to several points of use in the drinking water distribution
network.

2. Materials and methods
2.1. Desalination plant

The desalination plant is located at King Abdullah University
of Science and Technology (KAUST) in the West of the King-
dom of Saudi Arabia. The facility was designed to provide
all potable water needs for the campus as well as the resi-
dential areas. The plant has a drinking water production ca-
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pacity of 40000 m* per day. The source is the Red Sea. The
desalination plant consists of three parts: pre-treatment, re-
verse osmosis (RO) system and post-treatment. Pre-
treatment involves the sequence of (i) open seawater intake,
(ii) fine screen filtration, (iii) water chlorination at the in-
take point, and (iv) filtration through spruce multi-media fil-
ters (SMF) to remove particulate and colloidal matter
(Fig. 1). The RO system involves the sequence of (i) anti-
scalant dosage (1.5 mg L"), (ii) cartridge filtration (10 pum
pore size), (iii) sodium bisulphite (SBS) dosage and then the
(iv) RO installation consisting of a seawater (SWRO) and
brackish water RO (BWRO) pass. As for post-treatment,
about 60% of the BWRO permeate is mixed with 40% of the
SWRO permeate to meet the World Health Organization
health-based guideline for Boron. Finally, the produced wa-
ter is chlorinated to maintain 0.5-1.0 mg L™ of residual
chlorine. In addition, the following chemicals are dosed: (i)
hydrated lime (43 mg L") for water conditioning to prevent
pipe corrosion and (ii) CO, (20 mg L") to adjust the pH to
near a neutral value with positive Langelier saturation index
(LSI). Subsequently, the produced drinking water is pumped
into storage reservoirs (two vessels, each 10500 m®) feeding
the drinking water distribution network. The hydraulic re-
tention times in the break tank and the drinking water res-
ervoirs were 4 h and 12.6 h, respectively.

2.2. Distribution network

The full-scale desalination plant and the distribution network
were taken into operation at the same time in 2009. The net-
work piping material is only polyvinyl chloride (PVC). The to-
tal distribution network pipe length covered about 60 km
and involved a confined area, meaning there was no mixing
with drinking water from other sources. The piping network
is periodically flushed with drinking water as part of routine
maintenance.

2.3. Water sampling and sample IDs

Ten water samples were collected on the same day (6 August
2012): five from the desalination plant and five from selected
network taps, using 4 L sterile polyvinyl chloride (PVC) plas-
tic bottles. The locations of sampling from the desalination
plant were: the chlorinated raw seawater entering the spruce
multimedia filters (IW), spruce media filter permeate (SMFP),
seawater reverse osmosis permeate (RO1), brackish water re-
verse osmosis permeate (RO2) and the final chlorinated water
(PW) (Fig. 1). The tap water sampling locations were situated
at 1.5 (TP1), 2.5 (TP2), 3 (TP3), 4 (TP4) and 7.5 (TP5) km from
the desalination plant (Fig. S17), respectively. All tap water
samples were collected after flushing the tap for 5 minutes,
then the water samples were transported directly to the Water
Desalination and Reuse Center laboratory at KAUST to ana-
lyze water quality parameters and then they were filtered
through 0.2 pm pore-sized filters (Millipore) for subsequent
molecular biology analyses.

Environ. Sci.: Water Res. Technol,, 2017, 3, 92-105 | 93
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Fig. 1 Schematic diagram of sampling points from KAUST desalination plant. IW: inlet water; SMFP: spruce media filter permeate; RO1: seawater
reverse osmosis permeate; RO2: brackish water reverse osmosis permeate; PW: produced water. Dosed are chlorine, antiscalant, SBS (sodium

bisulphite), NaOH, CO, and lime.

2.4. Water quality analysis

The water quality was analyzed through the measurement of
pH (Cyberscan pH 6000, Eutech, USA), conductivity (CON
510, Oakton, USA), turbidity (2100Q, HACH, USA), total or-
ganic carbon (TOC) (TOC-VCPH Analyzer, Shimadzu, Japan)
and residual chlorine concentration which was measured by
the N,N-diethyl P-phenylenediamine (DPD) method using a
pocket colorimeter TM II (HACH). All these analyses were
done following standard methods for the examination of wa-
ter and wastewater.”®

2.5. DNA extraction

Water samples of 3 L from each location were filtered
through polycarbonate membranes (pore size 0.2 um, mem-
brane diameter 45 mm, Millipore) which were rolled and
placed into Cryo-vials (Nalgene, Nunc, Rochester, NY, USA)
and frozen at —80 °C until DNA extraction. DNA was extracted
from the membranes using a FastDNA spin kit for soil
(FastDNA, MP Biomedical, Illkirch, France). The extracted
DNA was concentrated in 50 pL DNAse-free water (extracted
from 3 L water).

2.6. PCR amplification and 18S rDNA gene pyrosequencing

The 18S rRNA gene fragments were amplified using primers
Euk-A7F*” and Euk-570R*’ following these PCR conditions:
94 °C for 3 minutes, followed by 30 cycles of 94 °C for 30 sec-
onds; 53 °C for 40 seconds and 72 °C for 1 minute and a final
elongation step at 72 °C for 5 minutes. After that, all
amplicon products were mixed in equal concentrations and
purified using Agencourt Ampure Beads (Agencourt Biosci-
ence Corporation, MA, USA).

Pyrosequencing was carried out at MR DNA Lab
(Shallowater, TX, USA) on the Roche 454 FLX Titanium ge-
nome sequencer according to the manufacturer's instruc-
tions. Sequence data was processed at MR DNA Lab. In sum-
mary, sequences were depleted of barcodes and primers,
then sequences <150 bp were removed, as well as sequences
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with ambiguous base calls and with homopolymer runs ex-
ceeding 6 bp. Sequences were denoised, operational taxo-
nomic units (OTUs) generated and chimeras removed. OTUs
were defined by clustering at 3% divergence (97% similarity).
Final OTUs were taxonomically classified using BLASTn
against a curated database derived from NCBI and RDP II.

2.7. Alpha and beta diversity measures

Rarified OTU tables were used to generate alpha and beta di-
versity metrics. Shannon diversity (H) and species richness
estimator of Chao1l indices were generated for each sample
using QIIME as a measure of alpha diversity. Spatial variation
of eukaryotic community was analyzed with principal coordi-
nate analysis (PCoA) in QIIME using unweighted UniFrac dis-
tance matrix as a measure of beta diversity. The Emperor vi-
sualization tool’”® was used to visualize the PCoA graph.
Shared and sample-specific OTUs were calculated using
Venny online software® (http://bioinfogp.cnb.csic.es/tools/
venny/index.html).

3. Results

3.1. Water parameters

During the seawater desalination process, 98.8% of the total
organic carbon (TOC) was removed while the conductivity de-
creased by 99.6%. Crossing the spruce media filter, water pH
remained stable (8.9), then increased to 10.1 after the second
reverse osmosis stage due to the addition of NaOH and anti-
scalant necessary to enhance the removal of Boron. After
treatment the pH of the produced water was corrected to 7.5
(+0.1) before distribution. No residual chlorine was detected
during the desalination process but after chlorination, the
free chlorine concentration detected was 0.60 mg L™ in the
produced drinking water. The water temperature during
treatment was 25.6 °C. Minor variations were observed in the
tap water parameters measured at various spots in the net-
work (Table 1). The tap water pH ranged between 6.8 and 7.3,
residual chlorine between 0.22 and 0.53 mg L™'; and turbidity

This journal is © The Royal Society of Chemistry 2017
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Table 1 Physico-chemical characteristics of the water at various locations in the desalination plant and drinking water distribution network
TOC Temperature Conductivity Free chlorine Turbidity Distribution
(mg L™ (°C) pH (mS em™) (mg L) (NTU) distance” (km)
Desalination plant: samples during treatment
w 1.68(+0.06) 25.6 8.9(+0.2) 65.0(0.3) <0.02 2.10(0.02) —
SMFP 1.10(+0.04) 25.6 8.9(0.2) 61.3(x0.2) <0.02 1.41(+0.03) —
RO1 0.54(20.05) 25.6 7.7(0.1) 0.87(0.02) <0.02 0.48(20.01) —
RO2 0.04(0.02) 25.6 10.1(+0.3) 0.30(0.02) <0.02 0.20(0.00) —
PW 0.02(+0.02) 25.6 7.5(x0.1) 0.24(+0.01) 0.6(0.01) 0.25(+0.00) —
Distribution network: tap water samples
TP1 0.03 23.2 7.2 243 0.45 0.18 1.5
TP2 0.02 25.1 6.8 283 0.42 0.18 2.5
TP3 0.02 23.4 7.1 193 0.36 0.36 3.0
TP4 0.02 24.4 7.0 252 0.53 0.20 4.0
TP5 0.03 25.2 7.3 221 0.22 0.24 7.5
Mean (SD) 0.02(+0.01) 24.2(+0.9) 7.1(0.2) 238(+34) 0.39(+0.12) 0.23(+0.08) —

Abbreviations: IW: inlet water, SMFP: spruce media filter permeate, RO1 and RO2: seawater and brackish water reverse osmosis permeates,
PW: produced water, TP1-TP5: tap water samples. The values between parentheses represent the standard deviation of three measurements of
the same water sample. “ Distance between the produced water feeding the network and tap water sampling locations.

ranged between 0.18 and 0.36 nephelometric turbidity units
(NTU). All tap water measured parameters were in accordance
with World Health Organization physicochemical quality
standards for drinking water.>°

3.2. Alpha and beta diversity measures

Crossing the desalination plant, the Shannon diversity index
decreased gradually from 6.54 (IW) to 2.39 (PW) (Table 2).
The first reverse osmosis pass had the largest impact on the
reduction of the Shannon diversity index (reduction from
5.40 to 2.49). After chemical treatment and the disinfection
step by chlorination, the Shannon diversity index stabilized
to around 2.39.

In the network, all measured tap water Shannon indices
were lower than the produced water (PW) (Table 2). All tap
water Shannon diversity indices were lower than 2 except for
TP4 (2.13), which could be explained by the increase in the
abundance of Blastocladiomycota and Amoebozoa in this tap
water location (Fig. 2 and 3).

To estimate the variation of OTU richness during the wa-
ter desalination process, nonparametric Chao 1 index was
calculated for all samples. The highest OTU richness values
(calculated at a cluster distance of 0.03) were detected in the
inlet water (510) and spruce media filter permeate (414)
(Table 2). Chao 1 index decreased by 93% after RO1 pass to
reach 28 and then increased to 82 after RO2 pass and stabi-
lized at 50 in PW. The Chao1 values calculated in the network
for the tap water samples (i.e. TP1 to TP5) were lower than
the produced water value except in TP4 where the Chaol in-
dex was 56. The rarefaction curves did not reach a plateau for
samples IW and SMFP as operational taxonomic units contin-
ued to emerge even after 5000 reads suggesting that there
was additional diversity in those samples that was probably
not captured by the pyrosequencing.

Based on unweighted UniFrac distance matrix, the PCoA
plots showed divergent positions of the different water sam-
ples during the desalination process. A clear separation was
found between (i) the pre-treatment water samples (IW and
SMFP) and (ii) the post-treatment water samples (RO1, RO2

Table 2 Alpha diversity indices of the eukaryotic communities during seawater desalination and drinking water distribution

Number of raw reads Average length (bp)

Observed OTUs

Richness estimate (Chao 1) Shannon diversity index (H)

Desalination plant

w 35307 461 478
SMFP 19205 456 440
RO1 20199 460 30
RO2 26670 480 178
PW 31413 472 119
Distribution network

TP1 12410 483 22
TP2 9711 478 126
TP3 10643 466 161
TP4 28837 474 108
TP5 35370 476 102

510 6.54
414 5.40
28 2.49
82 3.34
50 2.39
22 1.71
36 1.22
42 1.91
56 2.13
40 1.34

Abbreviations: IW: inlet water, SMFP: spruce media filter permeate, RO1 and RO2: seawater and brackish water reverse osmosis permeates,
PW: final produced chlorinated water before distribution, TP1-TP5: tap water samples. The operational taxonomic units (OTUs) were defined

by clustering at 3% divergence.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Relative abundance of the eukaryotic community (phyla level). IW: inlet water; SMFP: spruce media filter permeate; RO1: seawater reverse
osmosis permeate; RO2: brackish water reverse osmosis permeate; PW: produced water; TP1-TP5: tap water samples; UFP: unclassified fungi phylum.
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Fig. 3 Variation in the fungal community composition (phyla level) during desalination and after water distribution. IW: inlet water; SMFP: spruce
media filter permeate; RO1: seawater reverse osmosis permeate; RO2: brackish water reverse osmosis permeate; PW: produced water; TP1-TP5:

tap water samples; UFP: unclassified fungi phylum.

and PW). During pretreatment, a clear variation in the com-
munity structure was observed (Fig. 4). The most important
changes in eukaryotic community structure were observed
following the reverse osmosis trains 1 and 2 (RO1 and RO2,
Fig. 4). The influence of water distribution on the eukaryotic
community structure was relatively less significant than ob-
served during the desalination process, indicating a rela-
tively stable eukaryotic community in the distribution net-
work. In fact, all tap water samples showed close or
converging positions (Fig. 4). The main changes in the eu-
karyotic community structure in the drinking water distribu-
tion system (Fig. 4).

96 | Environ. Sci.: Water Res. Technol., 2017, 3, 92-105

Aiming to evaluate the eukaryotic community response to
the different treatment steps (e.g. filtration, chlorination, wa-
ter distribution), the presence of core OTUs in the desalina-
tion plant and in the network distribution system was
assessed applying Venn diagram analysis. “Core OTUs” im-
plies the total of shared OTUs between the five sampling lo-
cations within the desalination plant and also the shared
OTUs between the five sampling locations in the distribution
network. Results showed the absence of a core community in
the desalination plant. On the other hand, Venn diagram
analysis revealed the presence of two distinct core OTUs
(shared OTUs): in the desalination plant: the first during pre-

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Principal coordinate analysis (PCoA) based on unweighted
UniFrac distance matrix showing the phylogenetic link between
eukaryotic communities in the desalination plant and after water
distribution. IW: inlet water; SMFP: spruce media filter permeate; RO1:
seawater reverse osmosis permeate; RO2: brackish water reverse
osmosis permeate; PW: produced water; TP1-TP5: tap water samples.

treatment (IW + SMFP) and the second during the reverse os-
mosis treatment and post-treatment steps (Fig. S21). During
the pretreatment step, the core community was composed of
317 shared OTUs between the inlet water and spruce media
filter permeate (Fig. S2AT) sampling sites, representing 52.7%
of the total OTUs detected. Out of these 317 OTUs, 161 were
identified as unique OTUs in the IW (26.8%) and 123 OTUs
as unique OTUs in the SMFP (20.5%). Taxonomic assignment
showed that 70 OTUs (22.0%) from the core community
belonged to Grantessa sp., 22 OTUs to uncultured
Stramenopiles and 19 OTUs to uncultured Dinoflagellate. Dur-
ing the reverse osmosis treatment and post-treatment steps
(Fig. S2B¥), the core community was composed of one unique
OTU (0.4%) that was assigned to an uncultured fungus while
15 OTUs were shared between the RO1 and RO2 permeate.
Remarkably, all 15 (5.5%) OTUs belonged to the kingdom of
fungi: 14 were assigned to the fungal species
Herpotrichiellaceae sp. and 1 OTU to Exophiala aquamarina.
13 unique OTUs were detected in RO1 (4.8%), 124 unique
OTUs in RO2 (45.8%) and 78 unique OTUs were identified in
the produced water (28.8%). The presence of similar organ-
isms in the water before and after RO was not expected be-
cause of the strongly different environments: seawater and
fresh water.

To better understand the effect of water distribution on
the eukaryotic community structure we combined the OTUs
of all the tap water samples and compared them to the core
community of the produced water. The Venn diagram (Fig.
S3+) showed that 84 OTUs (2.1%) formed the core commu-
nity while 35 (8.4%) and 299 (71.5%) constituted unique
OTUs in the PW and all combined tap water samples, respec-
tively. Taxonomic analysis of the core community revealed

This journal is © The Royal Society of Chemistry 2017
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that 75 OTUs (89.0%) forming the core community belonged
to the kingdom of fungi. 64 of the 75 OTUs were assigned to
an uncultured fungus with percentage of homology varying
between 97.0% and 99.4%. 7 OTUs were assigned to
Cochliobolus sp., 2 OTUs to an uncultured marine fungus and
2 OTUs to uncultured Climacodon. The rest of the OTUs
forming the core community (9) were assigned to the king-
dom Metazoa. 8 OTUs were assigned to the phylum Chordata
and 1 OTU to the phylum Porifera.

51 shared OTUs were identified in both the inlet water
and the tap water samples (TP1-TP5), implying that 13.1% of
the OTUs detected in the network were supplied by the feed
water. 94.1% of the shared OTUs between IW and TP1-TP5
were assigned to Grantessa sp. Additional analysis showed
that 96 OTUs were shared between the tap water samples
(TP1-TP5) and the reverse osmosis permeates (RO1 and RO2)
which represented 25.0% of the OTUs detected in the drink-
ing water distribution system. 88 of these shared OTUs were
assigned to the fungi phylum and 39 of the fungal OTUs were
assigned to an uncultured fungus. The rest of the fungal
OTUs belonged to Ascomycota and Basidiomycota phyla. This
result points on the role of reverse osmosis treatment in the
growth of fungi in the drinking water distribution system. On
the other hand, 64 OTUs were shared between IW, SMPF and
the tap water samples (TP1-TP5) representing 16.6% of the
total OTUs detected in the drinking water distribution sys-
tem. 48 of the shared OTUs were assigned to Grantessa sp.
and only one OTU was assigned to the phylum fungi. A vary-
ing number of shared OTUs was found when comparing the
tap water samples to each other (Table S1t). The highest
number of shared OTUs was observed between TP2 and TP3
(61 OTUs).

3.3. Taxonomic diversity of the eukaryotes in the desalination
plant

18S rRNA gene reads were assigned to 8 supergroups namely:
Picozoa, SAR supergroup (Stramenopiles, Alveolates and
Rhizaria), Metazoa, Chromalveolata, Fungi, Euglenozoa,
Archaeplastida, Amoebozoa, and Opisthokonta, based on the
revised classification of Eukaryotes® (Fig. 5). After trimming
and chimera removal, a 97% similarity cut-off was used to de-
lineate OTUs in downstream analyses. Following
subsampling, a total of 1773 eukaryotic OTUs were acquired.
28 eukaryotic phyla were identified in the desalination plant
dominated by Ascomycota (15.6%), followed by Alveolata
(11.9%), uncultured fungi phylum (10.9%), Porifera (10.7%),
Stramenopiles (10.5%), and Bacillariophyta (8.4%) whereas
Annelida, Mollusca, Nematoda, Chytridiomycota were found
to be minor groups (<1%) (Fig. 2). In the network, 20 eukary-
otic phyla were identified in the tap water samples domi-
nated by the uncultured fungi phylum (44.1%), followed by
Chordata (17.1%), Ascomycota (11.1%) and Arthropoda
(8.6%) while Rotifera, Amoebozoa, Blastocladiomycota and
Nematoda were minor groups in the tap water samples
(<1%) (Fig. 2). Throughout the full drinking water system,
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Picozoa
B Amoebozoa
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Fig. 5 Relative abundance of the eukaryotic community (kingdom level) in KAUST water samples collected from IW: inlet water; SMFP: spruce
media filter permeate; RO1: seawater reverse osmosis permeate; RO2: brackish water reverse osmosis permeate; PW: produced water; TP1-TP5:

tap water samples; SAR: Stramenopiles, Alveolates and Rhizaria.

the unclassified fungi phylum and Ascomycota dominated
the total eukaryotic community with a relative abundance of
27.5% and 13.3%, respectively.

3.3.1. Effect of spruce multi-media filters. Crossing the
SMF, 35% of the TOC and 33% of the water turbidity were re-
moved in the filters.

In the inlet water feeding the multi-media filters, the eu-
karyotic community was dominated by the SAR and meta-
zoan supergroups; only 9.7% of the sequences were
assigned to fungi. The fungal community was represented
by the Ascomycota, Basidiomycota, Chytridiomycota,
Glomeromycota and Neocallimastigomycota phyla. After
crossing the SMF, the eukaryotic community remained dom-
inated by SAR and Metazoa while the relative abundance of
fungi decreased to 2.1%. The same taxonomic composition
of the fungal community was retrieved in the SMFP with
the exception of Neocallimastigomycota which were absent
within this permeate. Additionally an increase in the relative
abundance  of  Ascomycota, Chytridiomycota  and
Glomeromycota was noted in the SMFP.

As for the rest of the eukaryotic community, Alveolata,
Porifera, and Pinguiophyceae remained the major eukaryotic
phyla in the filtered water (SMFP). The relative abundance of
Porifera, represented by the class of Calcarea (Grantessa sp.),
increased to 39.7% while the relative abundance of
Stramenopiles, represented by the class of Dinophyceae, de-
creased to 12.7%. During this first filtration step, Chao 1 and
Shannon diversity indices dropped by 19% and 17%,
respectively.

3.3.2. Effect of reverse osmosis. After crossing the first
pass RO membranes, 98.6% of the water conductivity, 51% of
the TOC concentration and 66% of the water turbidity were
reduced. Concomitantly, important changes in the eukaryotic
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microbial community structure were observed. Both diversity
indices decreased: The Chao 1 and Shannon decreased by
93.3% and 54.7%, respectively. Only representatives of the
SAR supergroup and fungi were detected in RO1 (Fig. 5). At
phylum level, Bacillariophyta, represented by species
Cylindrotheca sp. and Psammodictyon sp., dominated the eu-
karyotic community in this compartment of the desalination
plant followed by Stramenopiles and fungi. Bacillariophyta
are unicellular organisms that are important components of
phytoplankton as primary sources of food for zooplankton in
both marine and freshwater habitats (known also as Dia-
toms), able to survive in the absence of light by respiring ni-
trate through the dissimilatory NO;  reduction.®® The
Stramenopiles community was represented by two main clas-
ses: Pinguiophyceae and Chrysophyceae (golden algae). This
latter eukaryotic group (i.e. Chrysophyceae), while photosyn-
thetic, is reported to be able to switch its metabolism to
phagotrophy.

After RO1 treatment in the desalination plant, the relative
abundance of fungi increased to 28.5% (Fig. 5) and the fun-
gal community was represented by the class of
Eurotiomycetes (15.6%) (Fig. S41) belonging to the phylum of
Ascomycota and by an uncultured fungi clade (12.9%). Two
dominant  fungal species were identified; the
Herpotrichiellaceae sp. Im294 and Exophiala aquamarina.

After RO2 treatment, the TOC concentration dropped to
4.1 pg L', water conductivity to 302 pS cm™' and water
turbidity to 0.2 NTU but alkaline conditions prevailed in
this compartment (pH = 10.1) to enhance Boron removal.
Fungi largely dominated in RO2 where they constituted
94.9% of the total eukaryotic community (Fig. 5). The taxo-
nomic diversity of the fungi increased after RO2 with the
detection of Basidiomycota fungi in addition to the fungal
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groups identified after RO1 treatment. After RO2 treatment,
the Ascomycota were represented by the genera
Aureobasidium, Dothidea, Cladosporium, Acephala, Penicil-
lium and Exophiala while the Basidiomycota were repre-
sented by genera Bensingtonia, Cryptococcus, Trichosporon
and Rhodotorula. The rest of the eukaryotic community
(i.e. non-fungal community) was assigned to the metazoan
phylum Chordata.

3.3.3. Effect of chemical dosages and chlorination. During
post-treatment (lime and CO, dosages and chlorination), the
relative abundance of fungi decreased in the produced drink-
ing water (PW). Metazoan (Chordata and Arthropoda) and
SAR assigned groups were detected in the produced drinking
water. Before being distributed in the network, the eukaryotic
microbial community was dominated by an unclassified
fungi clade (26.6%), Rhizaria (19.9%) and Apicomplexa
(15.1%). After chlorination, the fungal community was domi-
nated by uncultured fungi with a clear decrease in the rela-
tive abundance of both Ascomycota (<1%) and
Basidiomycota (2%) (Fig. 2).

3.4. Taxonomic diversity of fungi in the desalination plant

To better understand the taxonomic diversity of the fungal
community within the desalination plant, the fungal 18S
rRNA gene sequences were analyzed separately from the rest
of the eukaryotic community at the phylum (Fig. 3) and class
levels (Fig. S41). The fungal community (9.7%) identified in
the inlet water of the desalination plant was of marine origin
and was reported to play a diverse ecological role in marine
ecosystems and has frequently been associated with parasit-
ism of marine animals, plants and algae.*® Several
Ascomycota and Chytridiomycota constitute parasitic agents
of marine algae.** Five fungal phyla were identified in the de-
salination plant: Ascomycota, Basidiomycota, Glomeromycota,
Neocallimastigomycota and Chytridiomycota in addition to
the unclassified fungi clade (Fig. 3). In the desalination plant,
Ascomycota and the unclassified fungi clade had relatively
equal abundance but in all tap water samples most of the se-
quences (69.4%) were assigned to the unclassified fungi clade
(Fig. 3). Based on their relative abundance, Eurotiomycetes
and Agaricomycetes were the most abundant classes of the
Ascomycota and Basidiomycota groups in the desalination
plant, respectively (Fig. S4+).

3.5. Taxonomic diversity of fungi in the network

In the tap water samples, the fungal community was repre-
sented by five phyla: Ascomycota, Basidiomycota,
Chytridiomycota, Blastocladiomycota and the unclassified
fungi clade. The relative abundance and taxonomic composi-
tion of the fungal community varied within each tap water
sample, as shown in Fig. 3 and S4:f Chytridiomycota were
detected only in TP3, Basidiomycota were detected in TP1
and TP2, and Ascomycota in TP1, TP2 and TP3.

At class level, Dothideomycetes and Tremellomycetes were
the most abundant representatives of the Ascomycota and
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Basidiomycota groups, respectively. The Ascomycota in TP2
were represented by the class of Dothideomycetes and in TP3
by Dothideomycetes and Leotiomycetes. OTUs displaying
high percentage of homology (=97%) with known 18S rDNA
sequences of the fungal species Cladosporium cladosporioides
(Ascomycota, Dothideomycetes), shown to be linked with hu-
man infections’” (Table S21) were identified within both tap
water samples. Basidiomycota were represented by the class
of Agaricomycetes in TP1 and TP5 and by Tremellomycetes in
TP1. Chytridiomycota were represented by the class of
Chytridiomycetes. At genus level, Ascomycota were repre-
sented by the dominant genus Cochliobolus, Basidiomycota
were represented by genera Cryptococcus and Trichosporon,
Chytridiomycota by genus Chytridium and Blastocladiomycota
by the genus Catenaria.

3.6. Taxonomic diversity of non-fungal eukaryotes in the tap
water samples

Sequences retrieved from the tap water samples were
assigned to Metazoa, fungi, SAR and Amoebozoa groups. Re-
markably, the fungi represented 60% of the total community
and diverse metazoan groups were identified in tap water
samples such as Arthropoda, Nematoda, Craniata, Calcarea,
and Gastrotrichia. All eukaryotic groups detected in the dif-
ferent tap water samples were also identified in the produced
water leaving the desalination plant (Fig. 2) suggesting that
the eukaryotic community identified in the tap water samples
originated from the plant water. Nevertheless, different eu-
karyotic communities were identified within each of the tap
water samples. In TP1 and TP5, the Craniata class of the
Chordata phylum was the unique eukaryotic group detected
with Blarina sp. identified as the dominant species in both
tap water samples. In addition, OTUs belonging to Nematoda
and Arthropoda phyla (Table S2t), which are known to cause
aesthetic problems in drinking water® (such as insects), were
detected in both tap water samples TP1 and TP5. In TP2,
Arthropoda was represented by the class Maxillopoda, a di-
verse class of crustaceans where the most dominant taxo-
nomic group was species Paramphiascella fulvofasciata. The
taxonomic diversity of the eukaryotic community increased in
TP3 and TP4. In TP3, the eukaryotic community was domi-
nated by Coccidia (48%), an obligate intracellular parasite be-
longing to the phylum Apicomplexa and infecting the intesti-
nal tracts of animals.’® In TP4, the eukaryotic community
was the most diverse compared to the rest of the tap water
samples, with representatives of the SAR supergroup;
Arthropoda, Rotifera, Gastrotrichia and Amoebozoa present
(Fig. 2). Unexpectedly, different eukaryotic communities were
identified within each of the five tap water samples in the
network despite being supplied by the same drinking water
leaving the desalination plant.

4. Discussion

454 pyrosequencing revealed highly diverse and variable eu-
karyotic communities in the water during (i) production of
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drinking water in a seawater desalination plant and during
(ii) transport of the drinking water in the distribution net-
work, including storage reservoirs, pipes and premise
plumbing.

4.1. Variation of diversity indices and community structure
during treatment

During the desalination process, each of the explored treat-
ment compartments was characterized by a unique eukary-
otic community composition and structure that changed dur-
ing treatment. These changes illustrate the effect of each
treatment step in shaping the eukaryotic community and in
influencing the produced chlorinated drinking water compo-
sition. Chlorination was not capable of preventing
eukaryotes.

The unexpected increase in the eukaryotic community di-
versity after the second reverse osmosis pass could not be at-
tributed to reduced RO2 membrane performance (e.g. con-
ductivity and TOC of the RO2 permeate were very low,
Table 1) but most probably to contamination and/or micro-
bial regrowth (e.g. by maintenance). In fact, a small fraction
of the living microorganisms can and does pass through re-
verse osmosis membranes due to minor imperfections, or
they bypass the membrane entirely through tiny leaks in sur-
rounding seals (such as fungi as shown previously by Valster
et al.*’). Moreover, the presence of diverse alkalophilic and
alkalotolerant fungi®*® that thrive in high pH environments
(i.e. Acremonium and Sodiomyces genera from Ascomycota
phylum) supports the fungal diversity detected in RO2 (with
pH = 10.1).

4.2. Interpretation of the taxonomic composition of the
eukaryotic community

The microbial eukaryotic community identified in the spruce
media filter inlet water (IW) of the desalination plant was a
typical diverse oligotrophic community of small eukaryotes
with representatives from most major marine picoeukaryotic
phyla such as SAR supergroup. A similar community was de-
scribed in an oligotrophic Red Sea coastal site.***° Within
this community, the Alveolates and the Stramenopiles consti-
tute an important component of marine ecosystems and in-
clude phototrophic, heterotrophic and mixotrophic organ-
isms which can represent the main primary producers in
surface waters. Metazoa also constituted a significant propor-
tion of the eukaryotic community in the explored WTP. They
are naturally present in many drinking water sources and
have been detected in chlorinated and unchlorinated drink-
ing water samples.>'>?” These eukaryotes can survive within
distribution systems by deriving their food from organic mat-
ter in the water and biofilms. Metazoa are also commonly
present in deposits on pipe and tank surfaces. The presence
of Metazoa in drinking water has largely been regarded as an
“aesthetic” problem, however they may have a beneficial ef-
fect by limiting the growth potential of bacteria and by reduc-
ing the total microbial biomass.*' Fungi constituted an im-
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portant eukaryotic group in the desalination plant (32.8%)
and in the network (60.4%). Fungi have been reported as
common microbial constituents of drinking water distribu-
tion systems*” and their occurrence is described in drinking
water sources,” bottled mineral water** and tap water.*>*°
Fungal presence in water may contribute to the degradation
of complex natural and anthropogenic substances due to
their broad enzymatic capabilities.”” However, fungi may be
linked to taste and odor problems, skin irritations and aller-
gic reactions, as well as the increased occurrence of opportu-
nistic  systematic mycosis in immune-compromised
patients.*

Fungi have been poorly recovered from marine surface wa-
ters*® as reported in this study, only 9% of the total eukary-
otic community in the feed water of the spruce filter media
(IW) belonged to fungi. Similar results have been found in
4849 Furthermore, a similar fungal
community has been described in the bulk water of a drink-
ing water production plant."® Both molecular analyses®*>!
and culture-based inventories®® have shown that fungi are
non-diverse and poorly recovered from surface marine wa-
ters.>>** Richards et al.*® have reported ecological, morpho-
logical, and trophical limitations for studying fungi in marine
environments. The dominance of Ascomycota and
Basidiomycota in the inlet water of the desalination plant
(feed of spruce filter) is in agreement with previous results
suggesting that both fungal phyla are the most recovered ma-
rine fungal lineages."®>*~>°

marine environments.

4.3. Influence of the different treatment steps on eukaryotic
community structure

The role of the spruce media filter as the main pre-treatment
process has been described previously.>” It is an improved
mechanism of the regular media filter to remove solid matter
by mechanical retention and surface adsorption. The SMF al-
lows excellent removal by extracting and retaining over
99.954% of particle counts. In this study the SMF influenced
the community structure by reducing all the diversity indices.

The increase in the relative abundance of fungi from 2%
(in SMF permeate) to 95% in RO2 reflected the importance
and influence of reverse osmosis as a key step in shaping the
ecology of fungi in the desalination plant. Fungi and bacteria
are considered the prime fouling microorganisms.”® Numer-
ous fungi have been found to participate in early biofilm de-
velopment on RO membranes such as Penicillium,
Trichoderma, Mucor and Aspergillus sp.”® Moreover, the dis-
persion and colonization mechanisms could have facilitated
the increase in the relative abundance of fungi in RO2. Fungi
have been shown to be able to grow on and degrade reverse
osmosis membrane materials such as acetate cellulose.®”®
The high water pH (10.1) of RO2 could have favored the
growth of Ascomycota which have alkaliphilic traits.®>
Kladwang et al.®® have also demonstrated the existence of
fungi able to tolerate high pH (alkaline-tolerant fungi) such
as marine Ascomycota and Basidiomycota.
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The community structure in the desalination plant pro-
duced drinking water (PW) was not only influenced by the
structure of the eukaryotic communities in RO2 and the
blending water (RO1 + RO2) but also by the chemical treat-
ment (lime dosage) and the disinfection step. Some eukary-
otic groups of the PW were present in RO1 and others in RO2
but new eukaryotic groups were also detected in the PW such
as Arthropoda, Rhizaria and Apicomplexa.

Concerning the fungal community, the chlorination step
affected the taxonomic composition of the fungal community
and their relative abundance which deceased to 28.7%. The
relative abundance of Ascomycota decreased significantly
from 61.3% to <1% and that of Basidiomycota from 25.6%
to 6.9%. In contrast, an increase in the relative abundance of
the unclassified fungi clade was observed after the relative
decline in the free chlorine concentration in the network dur-
ing the water distribution process (Fig. 3).

Previous studies have shown that chlorination, the na-
ture of the disinfectant (chlorine or chloramines), its residual
concentration, and water age (contact time) are important
factors in shaping the eukaryotic community structure in
drinking water network biofilms.”® Kinsey et al®' showed
that the disinfection efficiency of chlorination against fungi
is variable between species: some groups show high resis-
tance to disinfection and others are protected from inactiva-
tion by the water matrix components. The chlorine efficiency
depends on water temperature and exposure time.®® Based
on the high resistance of fungi to chlorine,*® it has been
suggested that an initial free chlorine concentration of ap-
proximately 1 mg L™ is sufficient for spore inactivation, pro-
viding sufficient residual chlorine in the system to assist in
the prevention of microbial growth and biofilm
development.®*

12,37

4.4. Eukaryotic communities in the network tap water
samples

In the drinking water samples taken at 5 tap locations in the
same drinking water distribution network (Fig. S1,; TP1-
TP5), different eukaryotic communities were identified within
each of the tap water samples. These differences may reflect
the existence of a variety of microhabitats defined by complex
environmental conditions existing in the distribution net-
work (reservoir, pipes and premise plumbing) that affect the
eukaryotic community composition and structure.

Both the number of shared eukaryotic groups and their
relative abundance varied between the PW (drinking water
feeding the network) and each of the tap water samples in
the network (except Gastrotrich detected only in TP4). In ad-
dition, the taxonomic diversity of the fungal community in
the network was higher than observed in the PW (Fig. S47).
Results showed that the core community shared between
the PW and the all combined tap water samples was com-
posed of 84 OTUs (28.1%). The core community between the
PW and each of the tap water samples varied between
0 (TP1) and 68 OTUs (42.8%) (TP4) (Table S17). No relation-
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ship was observed between the number of shared OTUs and
the distance separating the tap water from the desalination
plant, thus the changes did not depend on the distance sep-
arating the desalination plant effluent from the tap water
sampling locations. In addition, 71.5% of the total OTUs
detected in the network were unique and differed from the
core community in the PW. This finding indicates that the
PW was not the main source of the eukaryotic community
identified in the network. This ‘unique’ community in the
network could come from biofilms or sediments within the
network and/or could have been introduced in the distribu-
tion system during installation of the network and premise
plumbing pipes or even due to contamination from the envi-
ronment (e.g. by network maintenance operations). On the
other hand, these core community members may also exist
in the PW samples at concentrations below the detection
limit. Another reason could be the water age whereby the wa-
ter sampled in the network does not correspond to the same
water collected at the desalination plant effluent on the same
day. It could be that the previous water from the treatment
plant had these OTUs. The network is relatively small with
relative high water consumption suggesting that residence
time of the water in the network is relatively short.

Previous studies showed that fungi, Metazoa, SAR and
Amoebozoa are the most prevalent eukaryotes in DWDSs.
Metazoa were reported as the dominant bulk water eukary-
otic group in Chinese,”’ Norwegian®® and French (Paris)
drinking water samples.’” In this study, Metazoa and fungi
constituted major groups in the produced chlorinated drink-
ing water samples produced by seawater desalination by RO.
Similar results have also been found in chlorinated drinking
water systems produced by a seawater desalination plant in a
Caribbean DWDS. Amoebozoa constituted a minor group in
the produced chlorinated drinking water in our study, similar
to the results obtained by Otterholt and Charnock®® in Nor-
wegian chlorinated drinking water however Amoebozoa con-
stituted the second major group in finished chlorinated
drinking water samples from three Parisian surface water
treatment plants.’” This eukaryotic group has been reported
- with fungi - as a major constituent of eukaryotic biofilms
in DWDS>"** where it preys on bacteria.®”

The persistence of the emergent uncultured fungi clade
observed in the drinking water distribution system was not
expected in a chlorinated and nutrient-limiting environment.
This unclassified clade formed a major eukaryotic group
which likely represents a new marine fungal clade. Le Calvez
et al.>® reported that marine environments host numerous
uncultured deep branching fungal forms and a significant
number of highly novel groups. Most molecular techniques
do not discriminate between live, dead, and viable non-
culturable (VBNC) states of microorganisms, limiting a
proper interpretation of the genetic/phylogenetic diversity
with respect to the ecology and function of these uncultured
sequences. Thus, attempting to culture these unknown fungi
may provide key insight on their ecological and physiological
significance in such engineered ecosystems.
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Pinto et al.®® found that the bacterial community structure
of the drinking water microbiome in the network was
governed by filtration process. Their study involved conven-
tional water treatment (involving dual media rapid filters) for
a mix of fresh ground and surface water. The study from
Pinto et al®® differed strongly in water source and water
treatment and they investigated bacterial communities. Our
study did not show that the seawater filtration by RO mem-
branes governed the fungal community composition and
structure in the network. Assessing the factors determining
the growth of both bacteria and eukaryotes in the distribu-
tion networks would require addition research to unravel the
influence of water source, treatment type and operation, and
distribution network characteristics.

4.5. Accuracy of the applied sequencing method

While the pyrosequencing method allowed sensitive and deep
analysis of the eukaryotic community, there are some limita-
tions that should be taken into account when interpreting
these results. First, the DNA-based molecular approach does
not differentiate between viable and non-viable eukaryotic
microbial organisms or fragmented cells nor the active or in-
active physiological state of the cell. Secondly, the water fil-
tration process used to concentrate the eukaryotes present in
the water samples was shown®® to affect the community com-
position. In addition, the eukaryotic cell membrane structure
and composition particularly for fungi could induce biases in
DNA extraction and/or in the PCR reaction.”® Several methods
have been used to extract eukaryotic DNA such as CTAB
(cetyl-trimethyl-ammonium bromide) based method”* or phe-
nol extraction,””> but commercial kits (i.e. MoBio, FastDNA)
have proven their efficiency in studying eukaryotic communi-
ties.”>”* Despite 18S rRNA gene sequencing being an efficient
and powerful tool for profiling the biodiversity of eukaryotic
communities in natural aquatic (marine and fresh)”>”® and
engineered ecosystems,'! its use as a unique molecular
marker for the phylogenetic assignment of fungi is still con-
troversial. In fact ITS sequences have been shown to be more
taxonomically informative than 18S rRNA sequences in DNA-
based studies.”” Although this high-throughput sequencing
method has provided sufficient information for in-depth phy-
logenetic analyses of certain eukaryote groups, further inves-
tigation is needed concerning the use of 18S for phylogenetic
assignment of fungi.”® The 18S rRNA gene has fewer hyper-
variable domains in fungi and some regions of fungal 18S
rRNA genes share high similarity with other eukaryotes.”®
Moreover, several biases related to the specificity of 18S
primers designed for fungi have been reported.*® With the
emergence of fungi as a major microbial group in the
assessed DWDS, the need for a second marker such as inter-
nal transcribed spacer (ITS) - proposed as the official primary
barcoding marker for fungi®"*? in combination with a small
subunit (SSU) marker - is necessary to achieve a better under-
standing of the taxonomic and phylogenetic composition of
the fungal community in drinking water distribution sys-
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tems®* and their implications on the drinking water quality.
This can help determine the biological significance of the eu-
karyotic organisms detected within the drinking water
system.

4.6. Nature, growth and origin of fungi

In this study no discrimination could be made as to which
fraction of the fungi was vegetative or spores. No odor-related
problems have been reported, possibly suggesting the domi-
nant presence of fungal spores.

Fungi can grow on biodegradable organics originating
from the membrane®! and other membrane module mate-
rials, e.g. the module seals. Microbial growth also could occur
on the permeate side of the membrane.®> A membrane sys-
tem is by definition not sterile because during the membrane
module manufacturing and loading of the membrane ele-
ments into the membrane filtration installation microbial
contamination can occur. Moreover, bacteria, fungi and other
microorganisms can grow back into the membrane system.
Most materials can leach out biodegradable compounds (e.g.
plasticizers) and fungi can degrade polymers. It is possible
that fungi in the network water originated from pipe sedi-
ments and biofilm. In summary, a variety of reasons may ex-
plain the presence of fungi in membrane systems and the
produced water.

The microbial community shifts during the treatment
process can be (i) generated by the selective pressure of
treatment processes and also be (ii) caused by different con-
taminations at the individual treatment steps and (iii)
caused by the combination thereof, with microbial popula-
tion compositions independently developing, which might
be a purely stochastic process. In the distribution network
similar selective pressures and contaminations may play a
role as well. In this study, no conclusive explanations for the
occurrence of the respective fungal population shifts in the
treatment plant and the distribution network can be given.
Possibly, a similar study at another time period or at another
location may yield different eukaryotic communities; tempo-
ral and spatial conditions affect microbial community
dynamics.®*®”

The presence of fungi is grossly underestimated in the
drinking water world and this study revealed their presence
very clearly. There is a need for follow-up studies to provide
quantitative data on the presence of bacteria and fungi dur-
ing drinking water production and distribution.

Conclusions

This study explored the taxonomic and phylogenetic diversity
of the microbial eukaryotic community in water during the
production of drinking water in a seawater desalination plant
and during transport of the drinking water in the distribution
network, including reservoirs, pipes and premise plumbing.
Results revealed a highly diverse community containing fungi
which constituted a dominant group in the water during the
reverse osmosis treatment steps and in all tap water samples

This journal is © The Royal Society of Chemistry 2017
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in the network. Moreover, 71.5% of the eukaryotic community
in the network was not found in the produced drinking water
supplying the network, implying a shift in the eukaryotic com-
munity composition during distribution in the network.

Reverse osmosis membrane treatment significantly
changed the water eukaryotic community composition and
structure, highlighting the fact that (i) reverse osmosis pro-
duced water is not sterile and (ii) the microbial community
in the tap water is influenced by the downstream distribution
system. The emergence of fungi as a major group in the
drinking water distribution system suggests that these micro-
organisms need special attention.
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