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Abstract

The effectiveness of drinking water treatment is critical to achieve an optimal and safe drinking
water. Disinfection is one of the most important steps to eliminate the health concern caused
by the microbial population in this type of water. However, no study has evaluated the changes
in its microbiome, specially the eukaryotic microbiome, and the fates of opportunistic pathogens
generated by UV disinfection with medium—pressure mercury lamps in drinking water treatment
plants (DWTPs). In this work, the eukaryotic community composition of a DWTP with UV
disinfection was evaluated before and after a UV disinfection treatment by means of Illumina
18S rRNA amplicon-based sequencing. Among the physicochemical parameters analysed, flow

and nitrate appeared to be related with the changes in the eukaryotic microbiome shape.

Public health concern eukaryotic organisms such as Blastocystis, Entamoeba, Acanthamoeba,

Hartmannella, Naegleria, Microsporidium or Caenorhabditis were identified.

Additionally, the relation between the occurrence of some human bacterial pathogens and the
presence of some eukaryotic organisms has been studied. The presence of some human
bacterial pathogens such as Arcobacter, Mycobacterium, Pseudomonas and Parachlamydia
were statistically correlated with the presence of some eukaryotic carriers showing the public

health risk due to the bacterial pathogens they could shelter.

Keywords :

DWTP microbiome, Eukaryotes, waterborne bacteria, UV disinfection, amplicon-based

sequencing
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1. Introduction

Drinking water treatment processes, control of physicochemical parameters and disinfection are
critical to public health. Although drinking water treatment plants (DWTPs) have demonstrated
sufficient capacity to remove particles, chemicals, and microorganisms from water sources,
some microorganisms remain and form the characteristic microbiome of drinking water.
Changes in the microbiome shape could produce an imbalance in the microbial community, thus
generating adverse effects such as pathogen increase, corrosive phenomena or appearance of
odours and flavours which could affect the effectivity of the water treatment. The existing
studies which focus on the microbial ecology along drinking water treatment processes reveal a
great diversity of bacterial and eukaryotic communities, as well as substantial community shifts
during filtration and disinfection steps (Pinto et al., 2012; Lautenschlager et al., 2014; Wang et
al., 2014). However, there is still a lack of information of the effects of each drinking water
treatment process and physicochemical parameters regarding the microbial composition,

especially for facilities employing multi-step treatment processes (Lautenschlager et al., 2014).

The use of UV disinfection systems for disinfection purposes has been increased in DWTPs due
to its advantages over other systems. UV radiation has the ability to penetrate cell walls and
cause damage to nucleic acids (i.e., DNA and RNA), which leads to the inability of the cells to
replicate and thus causes their death or inactivation (Snicer et al., 2000; Betancourt and Rose,
2004) although this state is difficult to define in environment. UV radiation does not depend
on the use of chemical additives; it does not have disinfection by-products, it is not corrosive,
has great efficiency to eliminate resistant microorganisms to disinfection such as protozoa,
requires relatively short contact time and has fewer operating costs (Betancourt and Rose,
2004). However, its efficacy depends on many factors, such as water source, water quality, type
of UV lamps, UV wavelength and intensity, time of exposure, the reactor structure, interference

of turbidity and hydraulic conditions (Nizri et al., 2017).
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There are many bacterial and eukaryotic microorganisms, mainly pathogenic, with resistance or
repair mechanisms that can reduce the effectiveness of UV inactivation or cause the need to
sporadically increase the required dose (Rochelle et al., 2004; Bichai et al., 2008). Those
opportunistic pathogens which include bacterial species such as Legionella pneumophila and
free-living amoebae (FLA) such as Acanthamoeba spp. have attracted global increasing attention
due to the serious health problems they can cause and the involvement of drinking water
systems as their transmission routes (Marciano-Cabral et al., 2010; Moreno et al., 2019).
Moreover, the presence of FLA in drinking water sources increases the possibility of human
infections due to their bacterial hosts, such as Helicobacter, Legionella or Mycobacterium,

among others (Thomas and Ashbolt al., 2011; Moreno-Mesonero et al., 2017).

One of the most important mechanisms to evade an adequate UV disinfection process, and at
the same time less studied, is the association of bacteria with a superior organism, generally
constituting a relationship of symbiosis or parasitism. This relationship causes the
microorganism to be protected by the superior organism, such as amoebae or rotifers, among
others (Bichai et al., 2008). Since it has been proved that certain microorganisms survive to
chemical disinfectants through this type of interaction, it is considered that UV radiation can be
a more convenient disinfection mechanism if it can inactivate the microorganisms that provide

shelter to others (Bichai et al., 2008).

Considering the typical low abundances of pathogenic protozoa, especially in drinking water,
large volumes of water along with the use of sensitive molecular techniques are necessary to
characterize this type of water samples. Advances in the sequencing technology have enabled
the use of high-throughput sequencing of microbial communities which provide more detailed
microbial community structure analysis with higher taxonomic resolution (Andersson et al.,
2010). The use of Illumina MiSeq sequencing data generated by rRNA amplicon-based targeted
sequencing is now commonplace in water microbial communities’ studies. Few studies have

applied the 16S rRNA amplicon sequencing to study the microbial community in drinking water
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systems (Bautista de los Santos et al., 2016; Xu et al., 2017; Zhao et al., 2020) and scarce have
studied the eukaryotic communities by 18S rRNA amplicon sequencing (Lin et al., 2014; Ting et
al., 2021). Despite the importance of the occurrence of some eukaryotic organisms in drinking
water systems, either to be pathogenic or to be pathogenic bacteria sheltering eukaryotes, to
our knowledge, there are no reports regarding the microbiome characterization of this
community in UV disinfected water and there are only a few reports in chlorine disinfected

water (Inkinen et al., 2019).

Thus, the objectives of this study have been to characterize the eukaryotic microbiome and their
associated bacteria in a DWTP before and after UV disinfection by lllumina MiSeq 18S and 16S
rRNA amplicon sequencing. Moreover, the relationship between the bacterial community
(mainly waterborne pathogens) and the eukaryotic community, and their role as potential hosts,

is studied, as well as the possible influence of the physicochemical parameters.
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2. Material and methods

2.1. Drinking water treatment process

The DWTP samples were collected from a plant located in Valencia province (Spain). The water
influent is a mix of Turia River and Jucar-Turia canal. This DWTP has the capacity to treat up to

3.2 m3/s. The nominal population served by the DWTP is around 800,000 inhabitants.

The plant has a conventional treatment consisting of: (a) pre-treatment (roughing and pre-
oxidation disinfection by chlorine gas and/or chlorine dioxide; (b) clarification (coagulation-
flocculation-decantation); (c) filtration on activated carbon filters; and (d) UV disinfection with
medium-pressure mercury lamps, and, prior to distribution, chlorine disinfection with a final

residual concentration of 1 mg/L.

This preference is easily justifiable based on greater health assurance and prevention of in-
process water contamination; even more so when the application of UV radiation is carried out
in the later stages of treatment. The UV treatment is located after the filtration stage and before
the galleries or tanks (Fig. S1). The reason for locating the lamps at this point is that the water
must have a very low turbidity, otherwise the lamps would become dirty, and disinfection would

be ineffective.

The reactor used is a WEDECO UV reactor, model K143 12/7. The lamps are medium-pressure
mercury lamps, model SLR32143/4pHP from WEDECO (USA). The minimum dose of UV light
applied to the treatment plant is 400 J/m? and measurements are taken every minute, resulting

in a final average of 420 J/m?.

2.2. Water samples and processing

The sampling campaign (14 samplings) was conducted during a 15-month period which covered
all seasons. A total of 28 samples were collected, which comprised14 samples after the carbon
filter treatment (before UV treatment) and 14 samples after the UV disinfection treatment but

prior to chlorine addition. Samples’ names include the number of the sampling in which they

6
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were taken (Samplings 1-14) followed by the last treatment they underwent (C: active carbon

filters; UV: UV disinfection treatment) (Table S1).

A total of 200 litres of water after the active carbon filter treatment and after the UV disinfection
treatment were filtered through Envirochek® HV capsules (1 um pore size membrane) (Pall
Gelman Laboratory, Ann Arbor, MlI, USA) at a continuous flow rate of up to 2 L/min, following
the procedures described in Method 1623.1 of the U.S. Environmental Protection Agency (EPA)
(USEPA, 2012). A great volume of water was analysed to concentrate the maximum number of
protozoa. Envirochek® HV capsules were developed for the protozoa Cryptosporidium and
Giardia, however, this method is suitable to recover other protozoa (Zuckerman and Tzipori,
2006). Briefly, membranes were pre-treated using 150 mL of 5% sodium hexametaphosphate.
Then, samples were filtered and thereafter, capsules were filled with 250 mL of elution buffer,
placed on a laboratory shaker, and vigorously shaken to elute any captured protozoa. Total

eluted buffer was concentrated by centrifugation at 1,800 g for 15 min.

2.3. Physicochemical and microbiological analysis

The physicochemical parameters temperature, pH, conductivity, turbidity, colour, nitrites,
nitrates and ammonium were measured. pH measurement was carried out using CRISON GLP22
pH meter (APHA, 2005). Conductivity was determined using a potentiometric system (UNE-EN
27888). Turbidity was determined using the turbidity meter HI 88703 (Hanna Instruments Ltd.,
UK), according to the manufacturer’s instructions. Water colour was measured using the UV/Vis
DR-5000 spectrophotometer (Hach-Lange, Germany) according to UNE-EN 7887 normative.
Nitrites were determined by spectrophotometry using the UV-1601 spectrophotometer
(Shimadzu Corporation, Japan) following the standard method SM 4500-NO2-B (APHA, 2005).
Nitrates were measured using the UV/Vis DR-5000 spectrophotometer (Hach-Lange, Germany)
following the standard method SM 4500-NO3-B. Finally, ammonium was determined

spectrophotometrically by means of the Nesslerization technique following ASTM D1426



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

Method A (APHA, 2005) and using the UV-1601 spectrophotometer (Shimadzu Corporation,
Japan). The flow treated by the plant during the study was measured with the flowmeter MIBUS-

RISONIC 2000 (Rittmeyer).

The microbiological parameters to control the quality of water were total coliforms, Escherichia
coli, Clostridium perfringens and total aerobic bacterial counts (Spanish normative RD 140/2003)
For this purpose, 100 mL of each water sample were filtered through a sterile 0,45 um pore size
nitrocellulose membrane (Millipore, Billerica, MA, USA) for each analysis, according to the
different ISO standards. The analysis of the total coliforms and E. coli indicators were carried out
according to the standard method UNE-EN ISO 9308-2:2014 using the Colilert culture medium
(IDEXX Laboratories Inc., Westbrook, ME, USA). C. perfringens detection, including its spores,
was carried out according to the standard method UNE-EN ISO 14189:2013. Total aerobic
bacterial counts were obtained by the pour-plate technique at 35+ 0,5 °C for 70 + 2 h, which is
appropriate for heterotrophic bacteria using TSYE agar (HiMedia, SM 9215B) (UNE-EN ISO

6222:1999).

2.4. DNA extraction and sequencing

Total DNA was extracted from the concentrated water samples using FastDNA™ SPIN Kit for Sail
(MP Biomedicals, Irvine, CA, USA), performing the homogenization step in the FastPrep-24°®
instrument (MP Biomedicals, Irvine, CA, USA), following the manufacturer’s instructions and

finally eluting DNA in 50 pL of elution buffer.

To determine the eukaryotic community of the samples, the V4 hypervariable region of the 18S
rRNA gene was amplified in all samples using the primers set EUKAF: 5’- GCC GCG GTA ATT CCA
GCT C-3’ and EUKAR: 5’- CYT TCG YYC TTG ATT RA-3’ using the enzyme KAPA HiFi HotStart with
GC buffer (KAPA Biosystems, USA) as described by Moreno et al. (2018). To determine the
bacterial community associated to eukaryotes, the V3-V4 regions of the 16S rRNA gene were

amplified in 18 samples using the recommended set of primers and conditions specified by the
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16S Metagenomic Sequencing Library Preparation guide (Part # 15044223 Rev. B) (Klindworth
et al,, 2013). Both types of DNA amplicon libraries were sequenced on an lllumina MiSeq
sequencer using the automated cluster generation and paired-end sequencing with dual indexes

reads (2 x 300 bp) at FISABIO sequencing service (Valencia, Spain).

2.5. Bioinformatics and data analysis

Raw lllumina MiSeq sequencing data was analysed using QIIME 1.9.1 (http://giime.org;

Caporaso et al., 2010), applying additional scripts available in Microbiome Helper virtualbox
(Comeau et al., 2017). Briefly, forward and reverse reads were merged. Subsequently, stitched
reads were filtered by length and quality score (reads with less than 200 bp or a minimum quality
score of Q30 over at least 90% of the bp were removed) using FASTX-Toolkit v0.0.14 (Gordon,
2009). Reads with any ambiguous bases (“N”) were also filtered out. Potential chimeric
sequences were screened out using VSEARCH v1.11.1. (Rognes et al., 2016). The remaining
sequences were processed using the QIIME’s open reference script. Operational Taxonomic
Units (OTUs) were defined at 97% genetic similarity cut-off. The PR2 v4.5 Protist Ribosomal
Reference database was used to perform the taxonomic assignment for the eukaryotic
microbiome (Gillou et al., 2013). In the case of the bacterial microbiome taxonomic assignment,
the SILVA v132 ribosomal database was used as a reference (Quast et al., 2013). Alpha diversity
indices (Shannon, Simpson and Chaol) and rarefaction curves were calculated with subsampled
sequencing data (10,541 and 37,420 sequences for 18S rRNA and 16S rRNA amplicon-based

sequencing, respectively) to reduce the effects of different sampling depth.

The OTUs distribution of bacterial and eukaryotic data were separately analysed using
multivariate routines in the statistical software package PRIMER v7 (Clarke and Gorley, 2015)
with PERMANOVA+ add-on (Anderson et al. 2008). Non-metric multidimensional scaling (nMDS)
was used to visualize patterns in the treatment stages distribution (active carbon and UV) of the

most abundant genera of eukaryotic communities. Prior to analysis, a Bray-Curtis resemblance
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matrix was created from the biological transformed data (square root transformed) (Bray and
Curtis, 1957). On the other hand, microbial community differences between treatment stages
were examined using one-way ANOSIM. This analysis was based on the Bray-Curtis similarities
between samples and produced a test statistic R, which could range from -1 to 1 and also gives
a significance level (P). A near-zero value for R implied no differences between samples (Clarke
et al., 2014). Hierarchical clustering (CLUSTER), based on group average linking, was carried out

for testing the similarity among OTUs, showing their abundance on a heatmap.

The effect of environmental variables (explanatory variables) on the eukaryotes structure, and
the analysis of the relationships between carrier eukaryotes (explanatory variables) and
pathogenic bacteria were assessed using distance-based linear models (DistLM; McArdle and
Anderson, 2001; Anderson et al., 2008). The environmental variables were standardized using
the “normalize” routine in PRIMER-E (Clarke and Gorley, 2015) to eliminate their physical units
(Legendre and Birks, 2012), and log-transformed. Prior to DistLM, draftman plots and correlation
matrices were produced to assess the distribution of each variable and to identify co-correlating
environmental variables. Where pairs of variables had a Pearson’s correlation coefficient of 0.85
or larger, one of the correlating variables was excluded from the analysis. DistLM was performed
with selection base on the AlICc (corrected Akaike’s information criterion), step-wise selection
procedure and 999 permutations, in the case of the environmental variable’s ordination model.
The AICc was devised to handle situations where the number of variables (N) is small compared
to the number (v) of predictor variables (N/v < 40) (Anderson et al. 2008). In the case of the
carrier eukaryotes ordination model, the “Forward” procedure was used with adjusted R2
criterion and 999 permutations. Distance-based redundancy analysis (dbRDA; McArdle and
Anderson, 2001; Anderson et al. 2004) was used to allow the visualization of the ordination

according to the multivariate regression model previously generated by applying DistLM.

To assess the relationship between the response variables (dependents), their Pearson’s

correlation coefficients were overlapped with the base variables of the model (explanatory
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variables). The results were shown in a neural network, using Cytoscape (v3.8.0) (Shannon et al.

2003).

3. Results and discussion

3.1. Physicochemical and microbiological parameters

The water quality parameters for each sample are shown in Table 1. Both, physico-chemical and
microbiological parameters were within the recommended national standards for potable water
according to the Ministry of Health (RD 140/2003). The physicochemical parameters are stable
throughout the study, since the conventional treatment does not modify their values, and only
the microbiological parameters are modified after disinfection (ND). Temperature values only
showed differences among the samples taken in different seasons of the year. The pH values
varied between 7.5 and 7.9 along the samples. These values can fluctuate according to the pH
of the rain in equilibrium with atmospheric CO, and the same dissolved in the water.
Conductivity values ranged between 862 and 1,164 uS/cm, which are typical values of the earth
through which the raw water arrives to the DWTP. The turbidity of the samples did not exceed
0.5 NTU, except for two samples taken after the active carbon filters, 2C and 3C, which had
values of 2.10 and 1.00 NTU, respectively, probably because of an increase of turbidity in raw
water. The turbidity was removed by flocculation-sedimentation stage during treatment. As
showed, ammonium and nitrites were eliminated after dosing of disinfectant at the start of
treatment and at the sampling points, only in samples 1C and 1UV, taken at the same sampling,
the results were 0.03 and 0.02 mg/L, respectively. However, these values were below the
maximum permitted value (0.5 mg/L for ammonium and 0.1 mg/L for nitrites in the final
product), illustrating the effectiveness of the treatment in reducing nitrites and ammonium by
the reaction of chlorine and ammonia nitrogen (Hayes-Larson and Mitch, 2010). Nitrates values
were affected by the raw water mixture proportion of river and canal water. However, these

values were under the maximum permitted value of 50 mg/L (RD 140/2003).
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The flow rate treated by the plant ranged from 0.35 to 2.13 m3/s along the study. The flow rate

depends on the daily demand with a maximum flow rate of 3 m3/s.

The microbiological parameters were controlled by culture ISO standard methods. They showed
that the microbial quality of water was optimal after the initial disinfection step and before
activated charcoal filtration treatment. Only in some samples taken before disinfection with UV
lamps and after treatment with activated charcoal, some bacterial colonies were detected by
culture, which indicates a possible contamination of the charcoal filters. After treatment with
the UV lamps, the standard microbial analysis yielded negative results. The analysis of C.
perfringens and total aerobics yielded negative results for all the samples. The results in Table
S1 show that the disinfection carried out at the treatment plant with an initial pre-chlorination
and UV disinfection is sufficient to eliminate the microorganisms included in the standards.
Although the germicidal effectiveness of UV disinfection processes can be monitored by
measuring indicator bacteria using traditional plate-count techniques, the inactivation of
specific bacteria or bacterial groups does not guarantee an acceptable degree of inactivation of
other waterborne organisms. In most cases, conventional cultivation covers only a minor
proportion of the bacteria occurring in a particular habitat. Even bacteria that usually grow on
traditional media can lose cultivability after UV exposure despite retaining viability and
infectious capacity (Ben Said et al., 2010). Consequently, standard culture-based methods
cannot reflect the efficacy of the full-scale UV systems on-site, and additional methods are

required to evaluate UV disinfection efficacy.

3.2. Eukaryotic microbiome characterization

In this work, eukaryotic communities were studied before and after UV treatment to
characterize the changes in the shape of the eukaryotic microbiome in order to better
understand the impact of this group on this ecosystem. After sequencing the 28 samples, a total

of 2,321,464 eukaryotic raw reads were obtained. After quality filtering and chimeras screening,
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2,029,900 reads remained. Following subsampling at 10,541 reads per sample, reads were

clustered into 2,451 OTUs (Table S2).

The richness and diversity of the samples were evaluated by the alpha diversity indices Shannon,
Simpson and Chaol (Table S4). There were no significant differences in the Alpha-diversity
indices between the eukaryotic community before and after UV treatment (p>0.05). However,
Chaolindex and therefore the observed species, as expected, were higher in the samples before

UV treatment, except for the samplings 3, 6 and 10 (Fig. S2).

As shown in the nMDS plot, no cluster was observed in eukaryotic communities at phylum and
genus levels according to the treatment factor (active carbon and UV) (Fig. 1). Based on these
results, it seems that UV treatment do not significantly shape the eukaryotic microbiome of the
DWTP. Otterholt and Charnock (2011) observed similar results in a study of the eukaryotic
community of UV treated drinking water samples using PCR-denaturing gradient gel
electrophoresis (DGGE). They found only a slight variation among the eukaryotic profiles before
and after UV treatment. Moreover, Ma et al. (2017) concluded that treatment of drinking water
drove the shape of the water microbiome, but they observed by studying the fungal community,

that eukaryotes were less influenced by disinfection.

Opistokonta was the most frequent group in DWTPs even after disinfection treatments (Inkinen
et al., 2019). Opisthokonta (rotifers, nematodes, fungi), Stramenopiles (algae) and Alveolata
(ciliates, dinoflagellates), accounted for 84.24 -86.43% of the total eukaryotic microbiome across
the samples (Fig. 2, Table S3). Rhizaria relative abundance decreased slightly after UV treatment.
The analysis of the most abundant OTUs along the samples, classified at genus level as Tobrillus,
Lepidodermella or Chromadorea (Metazoa), confirmed a similar taxonomic profile between the
microbiome before and after UV treatment. The most abundant OTUs in the DWTP eukaryotic

microbiome before and after UV were classified as Metazoa, including sequences belonging to

13



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

Gastrotricha, Nematoda, Arthropoda or Rotifera phyla, which considerably contribute to the

dynamics of the DWTP ecosystem since they feed on bacteria, fungi and protozoa.

3.3. Relationship between the eukaryotic community and environmental variables

The multiple regression analysis (DistLM) test was used to explore the relationship between the
eukaryotic species community and the environmental variables (Table S5). A total of 43.72% of
the variation in the eukaryotic species assemblage could be explained by the two dbRDA axes.
More specifically, dbRDA1 axis explained 40.45% of the total variation in the species assemblage,
while dbRDA2 axis only explained 3.27%. The results of the sequential DistLM test showed that
NOs contributed with the highest percentage variance explained (p=0.007, 26.96%), followed by
the flow (p=0.005, 16.76%). Both variables, NO; and flow, were statistically significant. Other
studies have already found the correlation between NOs and microbial communities. In this
sense, Liu et al. (2020) also observed a high correlation between eukaryotic communities and
NOs concentration in eutrophic waters. To determine which combination of environmental
variables (explanatory variables) was represented by the dbRDA axes, multiple partial
correlations of each variable with each dbRDA axis was examined (Fig. 3). The first axis was
mainly defined by negative multiple partial correlations of both variables, NO3 (r=-0.73) and flow
(r=-0.69), while the second axis was negatively related to NOs (r=0.69) and positively related to
flow (r=0.73). Pearson's correlations of eukaryotic species with each of the dbRDA axes were
examined to study the influence of the environmental changes on the community structure.
These results are summarized in Fig. 4. It was observed that the increase in flow as well as the
nitrate concentration were associated with the higher abundance of the genus Acrostichus sp.
and the nematode genera Tobrilus sp., Koerneria sp., and Eumonhystera sp. Correlations
between the presence of nitrate and nematoda in water has been previously studied (Song et
al., 2016). These results indicate a greater resistance of these eukaryotic genera to the UV dose

when the flow and nitrate concentration are increased.
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3.4. Eukaryotic organisms of public health concern

Some eukaryotic microorganisms which could be present in drinking water microbiome such as
FLA, Cryptosporidium, some nematodes or fungi, pose a potential human health risk either
because of their intrinsic pathogenicity or because their ability to act as bacterial pathogen
carriers. These eukaryotic organisms are frequently unnoticed because their presence is not

monitored as a microbiological drinking water quality parameter.

In this sense, sequences from the genera Blastocystis, Entamoeba, Acanthamoeba,
Hartmannella, Naegleria, Vanella, Microsporidium, Rhabditis, Tetrahymena, Paramecium,
Philodina, Daphnia or Caenorhabditis, among others, have been identified in this study in the

drinking water microbiome even after UV disinfection (Fig. 5).

Blastocystis is an emerging pathogen in terms of its association with disease and zoonotic
potential (Thompson and Smith, 2011). Although sequences of Blastocystis genus have been
identified in the present study at low levels in UV treated samples, the human opportunistic
pathogenic species Blastocystis hominis has been only detected before UV disinfection.
Although, as shown in this work, this pathogen seems to be sensitive to UV, its sensitivity to
disinfection and the role of drinking water as transmission vehicle have not been well stablished
yet. Entamoeba histolytica is the causative agent of amoebiasis. It is undoubtedly of outmost
clinical significance since it results in ~100,000 human deaths annually (Nakada-Tsuki and
Nozaki, 2016). Despite the similarity between E. histolytica and E. dispar, the pathogenicity of
the latter is not clear and its role as a pathogenic bacteria carrier has been only demonstrated
for E. histolytica (Oliveira et al., 2015). Moreover, it is known that some FLA such as
Acanthamoeba spp., Naegleria fowleri and Balamuthia mandrillaris are ubiquitous protozoa
that may behave as parasites under certain conditions, thus causing infections in humans and
leading to severe pathologies (Baldursson and Karanis, 2011). Sometimes, these FLA and other

non-pathogenic FLA, such as Hartmannella or Vanella can also bear pathogenic bacteria
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(Delafont et al., 2013) or even Cryptosporidium oocysts (Scheid and Schwarzenberger 2011)
posing an additional risk. Several authors reported the presence of FLA in DWTPs and their ability
to survive to chlorine disinfection, thus reaching the final effluents and therefore water for
human consumption (Thomas et al., 2008; Corsaro et al., 2010; Moreno-Mesonero et al., 2017).
The identification of FLA after UV treatment, although their viability has not been proven,
implies that the UV dose should be revised since some FLA, such as Acanthamoeba or
Hartmannella, have been reported to resist UV doses of up to 990 J/m? (Cervero-Aragd et al.,
2014). Some FLA genera can grow and colonize DWTPs. Thus, although their concentration in
raw water is low, they can be present in high concentrations in the final water treatment steps
(Thomas and Ashbolt, 2011). Besides FLA, other non-pathogenic protozoa found in this work,
such as Tetrahymena and Paramecium, have been identified as bacterial carriers (Bichai et al.,
2008). Moreover, few studies have reported that members of zooplankton such as Dhapnia or
Phylodinia are also possible hosts of pathogenic microorganisms (Bichai et al., 2008; Callens et

al., 2018).

The nematode Caenorhabditis, identified in this work in both microbial communities before and
after the UV treatment, is a free living, multicellular invertebrate and resistant to disinfection
treatments. It has been previously reported that the species Caenorhabditis elegans is not a
human pathogen. However, it could be a natural host to some pathogenic microorganisms
(Cladwell et al., 2003; Zhang and Hou, 2013), thus acting as vehicle of its transmission through
water. The free-living nematode Rhabditis, presents both features, it is a human pathogen and
a bacterial carrier and can be attached to the biofilms formed in DWTPs. Although free-living
nematodes are not frequently associated to causing health threat, their presence represents a

water quality problem for the consumer (WHO, 2004).

Microsporidium is a unicellular fungus and an obligate intracellular pathogen. It has been found

in wastewater treatment plants (WWTPs) and even in DWTPs (lzquierdo et al., 2011) but, to our
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knowledge, this is the first time that it was identified as part of a UV disinfected drinking water

microbiome.

Currently, scarce information about UV treatment to remove eukaryotic pathogens at DWTPs is
available. There are only few studies about specific groups of microorganisms, such as fungi (Al
et al., 2017). However, human health concerning eukaryotes have proved to be resistant to
disinfection and they have been found at final products of DWTPs even after chlorine treatment
(Lin et al., 2014; Inkinen et al.,2019). Although the presence of pathogenic eukaryotes in the UV
drinking water microbiome has been showed in this report, further studies would be required

to better understand the real human health risk by stablishing their viability.

3.5. Identification of potential bacterial pathogens associated to eukaryotic organisms.

It is well known the role of some eukaryotic organisms as protectors or transmission vehicles of
bacteria in drinking water systems by harboring bacteria inside them or even carrying bacteria
attached to their surface. Therefore, in this study, the bacterial sequences of 18 aleatory
samples were also analyzed by 16S rRNA amplicon-based lllumina sequencing to perform a
preliminary study of these eukaryotic-bacteria possible associations in the DWTP ecosystem.
Although the samples were concentrated by a method to recover the eukaryotic organisms, it is
assumed that some bacteria bigger than 1um could be retained by the filter. However, most of
the human pathogenic genus of bacteria found in the current study are smaller than 1um in
width (Pseudomonas 0.5-0.8 um (Iglewski BH. 1996); Arcobacter 0.2-0.9 um (Pérez-Cataluiia et
al., 2018), Aeromonas 0.3 to 1.0 um; Legionella 0.3-0.9 um; Parachlamydia 0.25-0.3;
Mycobacterium 0.5-1 um) (Boone et al., 2001), and that is why they should pass the filter and,
therefore, only be detected if they are somehow associated to eukaryote organisms. In fact,
other authors have previously reported that pathogenic bacterial species such as Pseudomonas
aeruginosa , Staphylococcus or Kebsiella or even bacteria higher than 5 um length can pass even

through 0.45 um filters (Hasegawa et al., 2003; Liu et al., 2019).
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Moreover, the probability that the identification of the bacterial sequences could be due to
extracellular bacterial DNA (eDNA) suspended in the sample is very low mainly after UV
treatment because of the rapid damage that UV radiation produces on DNA (Grskovi¢ et al.,

2013).

A total of 1,334,513 bacterial sequences were recovered after amplicon sequencing. After
quality filtering and chimeras screening, 1,218,806 sequences remained. Samples were rarefied
to 37,420 sequences/sample to make comparisons among them in an equal basis. Thereafter,

sequences were clustered into 6,770 OTUs.

Overall, the most abundant bacterial phyla were Proteobacteria, Planctomycetes, Elusimicrobia

and Cyanobacteria, representing 80.59% of the total bacterial microbiota (Fig. 6).

Along the treatment process, the relative abundances of Alphaproteobacteria and
Betaproteobacteria decreased, and the opposite occurred for the class Gammaproteobacteria,
which contains many pathogenic genera, in finished water. In fact, the most abundant genera

identified belonged to Gammaproteobacteria class (Fig. 7).

A nMDS analysis was conducted to determine the overall relationships of bacterial genus among
samples and to explore in more detail the impact of UV treatment on the microbiome genus
composition. Genera did not cluster according to the treatment variable. Therefore, no
significant correlation was observed between UV treatment and the microbial community

composition (data not shown).

Several genera of concern to human health were identified among the bacterial sequences
recovered from the samples (Fig. 8). The most abundant were Pseudomonas, Legionella,
Mycobacterium, Bacillus, Arcobacter and Aeromonas . Among these genera, several species
have been identified as human pathogens. The 16S rRNA hypervariable region V3-V4, used in
this study, is widely used for bacterial communities’ studies, however, sometimes it does not

have enough sequence diversity to distinguish at species level. The genus Pseudomonas
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comprises more than 25 pathogenic species including P. aeruginosa, P. syringae, P maltophilia
and P. fluorescens (lglewski BH, 1996). The sequences recovered, showed a match with P.
aeruginosa 16S rRNA sequence higher than 97%. Legionella pneumophilla, P. aeruginosa and
Non-Tuberculous Mycobacteria (NTM) such as M. avium have been described as an
opportunistic bacterium frequently found in drinking water systems (Lu et al., 2016). One of the
Legionella OTUs presented a 100% homology with the pathogenic specie L. feelei. Other OTUs
have been only identified at genus level. Mycobacterium OTUs have been only identified at
genus level, however, the sequences presented more than 97% homology with several species
including those pathogenic. Besides B. cereus and B. subtillis, other species such as B. brevis, B.
cereus, B. circulans, B. lentus, B. licheniformis, B. mycoides, B. subtilis and B. thuringiensis have
been reported to be toxic (Blackburn and McClure, 2009). Several species of Aeromonas, and
Arcobacter such as Aeromonas sobria, Aeromonas caviae, Aeromonas veronii and Aeromonas
salmonicida, Arcobacter butzlerii, Arcobacter cryaerophillus and Arcobacter skirrowii have been
recognized as human pathogens (Gugliandolo et al., 2007). The sequences recovered form
Arcobacter showed a >97% homology with some pathogenic species such as A. suis. The species
of Aeromonas known to cause human infection found in contaminated water are A hydrophilla,
A. caviae, A. veronii A. dhakensis and A. sobria (Figueras and Ashbolt, 2019). The last one, was
identified among the Pseudomonas sequences. It was observed that the frequency of most of
these genera was lower after UV treatment. However, in some samples the relative abundances
of some pathogens such as Pseudomonas, Arcobacter or Aeromonas even increased after UV
treatment. Some human waterborne pathogens have been reported to be carried and kept safe
from the disinfection treatments inside FLA, nematodes and even flagellate organisms (Samba-
Louaka, 2018; Moreno-Mesonero et al., 2019; Bichai et al., 2008). Therefore, in the same way,
the waterborne pathogens present in the analysed samples could be protected against
disinfection treatments by higher organisms resistant to the applied UV dose. In this work the

relationship between the identified bacterial carriers and/or potential pathogenic eukaryotes
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and the potential bacterial human pathogens has been stablished. To our knowledge, this is the
first work in which this relationship has been studied in a DWTP with a UV disinfection
treatment. Although other authors have studied the variation of both eukaryotic and bacterial
communities in DWTPs before and after disinfection with chlorine, they have not stablished a

possible relationship between both communities (Dai et al., 2020).

The DistLM test established that 44.60% of the variation in the bacterial pathogenic community
was attributed to four eukaryotic carriers, finding a significant correlation with Caenorhabditis
(Table S6). The results of the sequential test showed that Caenorhabditis contributed with the
highest percentage of explained variance (p=0.05, 20.04%), followed by Hartmannella (p=0.107,
10.76%), Daphnia (p=0.221, 6.56%) and Naegleria (p=0,191, 7.23%). The contribution of each of
the eukaryotic carrier (explanatory variables) was represented by the dbRDA axes plot. (Fig. 9).
Pearson’s correlations of bacterial pathogens with each of the dbRDA axes were examined and
the correlation network were summarized in a network diagram in Fig. 10. It illustrates those
five of the ten pathogens showed positive and negative correlation with the carriers.
Caenorhabditis was associated with Arcobacter (r=0.68 in dbRDA1 and r=0.53 in dbRDA2) and
Mycobacterium (r=0.48 in dbRDA1). Several reports described the role of some nematodes as
potential transmission vehicles of bacterial pathogens which they have previously ingested,
(Bichai et al., 2008). Moreover, Zhang and Hou (2013) also reported that members of
Caenorhabditis are natural hosts of some bacteria, particularly, they showed that C. elegans
microbiota such as Bacillus and Pseudomonas can enhance the pathogenic resistance of the host
in different ways. Then, the fact that nematodes could survive to the conventional treatments
of water, as it has been described in this work, could pose a potential health risk due to their

role as bacterial carriers and protectors of pathogenic bacteria.

Moreover, a relationship between Naegleria and Hartmannella with the pathogenic bacteria
Parachlamydia (r=0.48 in dbRDA3) and Arcobacter (r=0.53 in dbRDA2) was also observed after

analysis. Both bacteria, Parachlamydia and Arcobacter, have been previously reported to be able
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to resist fagocytation or even multiply inside FLA (Horn, 2008; Scheid, 2018). Particularly,
Parachlamydia acanthamoebae, the only specie of the genus, is defined as an endosymbiont of
FLA, which can also act as a reservoir of this human pathogenic specie (Horn et al., 2008). The
pathogenic ability of the species Parachlamydia acanthamoebae has been previously reported

(Greub and Raoult, 2002).

Despite our results of occurrence of some pathogenic bacteria after UV treatment could not be
robustly associated with the presence of some of the identified eukaryotic carrier organisms,
their presence could only be explained either because they were inside the eukaryotes, attached
to them or even attached to an unspecific non-filtered particle. However, in view of the
preliminary results obtained, further studies with other techniques such as microscopy or
Fluorescent in situ hybridization, used by other authors to elucidate bacteria-eukaryote
associations (Lacharme-Lora et al., 2009; Fu and Liu, 2019), should be carried out to confirm

symbiosis or parasitism particular cases.

Furthermore, because of the lack of specific information about UV resistance of bacterial
pathogens inside eukaryotic organisms, such as FLA or nematodes, among others, more research
is required to address this issue of concern. However, the microbiome characterization such as
this carried out in this study could influence future disinfection strategies of DWTPs. This may
ensure a better water quality and safety, thus preventing that some bacteria of concern to
human health that are not affected by the UV treatment (because they are protected by

resistant eukaryotic organisms), reach consumers.

4, Conclusions

In this study, the eukaryotic microbiome of a DWTP and the effect of the UV disinfection step of
the final product on the microbiome shape have been characterized for the first time. The health
concern eukaryotic genera Blastocystis, Entamoeba, Acanthamoeba, Hartmannella, Naegleria,

Vanella, Microsporidium, Rhabditis, Tetrahymena, Paramecium, or Caenorhabditis, among
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others, have been identified in water samples after active carbon treatment and even after UV
disinfection treatment. Furthermore, the occurrence of bacterial human pathogens such as
Mycobacterium, Pseudomonas or Arcobacter in the DWTP samples has been associated with the
presence of high-level eukaryotic organisms which could act as bacterial carriers, thus being able
to protect bacteria from UV treatment. Due to the lack of information about the role of
eukaryotic organisms as transmission vehicles for bacterial pathogens in DWTPs with UV
disinfection, and the impact of our results on public health issues, more research should be
carried out to address this concern. Particularly, bacteria- eukaryote correlations elucidated in
this work should be supported by further specific studies that also include techniques such as
microscopy or Fluorescent in situ hybridization to confirm the symbiosis or parasitism

phenomena.

22



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

Acknowledgements

The authors are very grateful to the Town Hall of Valencia for their support to EMIVASA and “LA

PRESA” laboratory.

This research did not receive any specific grant from funding agencies in the public, commercial,

or not-for-profit sectors.

Data availability statement

Raw data can be found in zenodo under de DOI number 10.5281/zenodo.4607309

References

Ali, E., Abdelrahman, T., Sayed, M., Abd Al Khalek, S. 2017. Occurrence of fungi in drinking water
sources and their treatment by chlorination and UV-Irradiation. Egypt J Bot, 57: 621-632.

https://doi.org/10.21608/ejb0.2017.1102.1101

Anderson, M.., Ford, R.B., Feary, D.A., Honeywill, C. 2004. Quantitative measures of
sedimentation in an estuarine system and its relationship with intertidal soft-sediment infauna.

Mar Ecol Prog Ser, 272: 33-48. https://doi.org/10.3354/meps272033

Anderson, M.J., Gorley R.N., Clarke, K.R. 2008. PRIMER + for PERMANOVA: Guide to software

and statistical methods. PRIMER-E. Ltd, Plymouth. United Kingdom.

Andersson, A.F., Riemann, L., Bertilsson, S. 2010. Pyrosequencing reveals contrasting seasonal
dynamics of taxa within Baltic Sea bacterioplankton communities. ISME J, 4: 171-181.

https://doi.org/10.1038/ismej.2009.108

23


https://doi.org/10.21608/ejbo.2017.1102.1101
https://doi.org/10.3354/meps272033
https://doi.org/10.1038/ismej.2009.108

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

APHA. 2005. Standards methods for the examination of water and wastewater. 21st Edition.
American Public Health Association/American Water Works Association/Water Environment

Federation, Washington D.C.

Ashbolt NJ. 2015. Microbial Contamination of Drinking Water and Human Health from
Community Water Systems. Curr Environ Health Rep. 2(1):95-106. doi: 10.1007/s40572-014-

0037-5.

Baldursson, S., Karanis, P. 2011. Waterborne transmission of protozoan parasites: review of
worldwide outbreaks - an update 2004-2010. Water Res, 45: 6603-6614.

https://doi.org/10.1016/j.watres.2011.10.013

Ben Said, M., Masahiro, O., Hassen, A. 2010. Detection of viable but non cultivable Escherichia
coli after UV irradiation using a lytic Qbeta phage. Ann Microbiol, 60: 121-127.

https://doi.org/10.1007/s13213-010-0017-4

Ben Said, M., Otaki, M. 2013. Development of a DNA-dosimeter system for monitoring the
effects of pulsed ultraviolet radiation.  Ann Microbiol, 63: 1057-1063.

https://doi.org/10.1007/s13213-012-0562-0

Carnahan AM, Joseph SW. Aeromonadaceae. In: Brenner DJ, Krieg JT, Garrity GM, editors. The
Proteobacteria, Part B, Bergey’s Manual of Systematic Bacteriology. New York, NY, USA:

Springer; 2005.

Betancourt, W.Q., Rose, J.B. 2004. Drinking water treatment processes for removal of
Cryptosporidium and Giardia. Vet Parasitol, 126: 219-234.

https://doi.org/10.1016/j.vetpar.2004.09.002

Bichai, F., Payment, P., Barbeau, B. 2008. Protection of waterborne pathogens by higher
organisms in drinking water: a review. Can J Microbiol, 54, 509-524.

https://doi.org/10.1139/w08-039

24


https://doi.org/10.1016/j.watres.2011.10.013
https://doi.org/10.1007/s13213-010-0017-4
https://doi.org/10.1007/s13213-012-0562-0
https://doi.org/10.1016/j.vetpar.2004.09.002
https://doi.org/10.1139/w08-039

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

Blackburn, C. D., & McClure, P. J. 2009. Pathogenic Bacillus species (2nd ed.). Foodborne

Pathogens: Hazards, Risk Analysis and Control, 176.

Boone, David R., et al. Bergey’s Manual of Systematic Bacteriology / David R. Boone, Richard W.
Castenholz, Editors, Volume 1-5; George M. Garrity, Editor-in-Chief ; Editorial Board, James T.

Staley ... [et AL]. 2nd ed., Springer, 2001.

Bray, J.R., Curtis., J.T. 1957 An ordination of the upland forest communities of Southern

Wisconsin. Ecol Monogr, 27: 325-349.

Buse, H.Y., Lu, J., Struewing, I.T., Ashbolt, N.J. 2013. Eukaryotic diversity in premise drinking
water using 18S rDNA sequencing: implications for health risks. Environ Sci Pollut Res Int, 20:

6351-6366. https://doi.org/10.1007/s11356-013-1646-5

Caldwell, K.N., Adler, B.B., Anderson, G.L., Williams, P.L., Beuchat, L.R. 2003. Ingestion of
Salmonella enterica serotype Poona by a free-living nematode, Caenorhabditis elegans, and
protection against inactivation by produce sanitizers. Appl Environ Microbiol, 69: 4103—4110.

https://doi.org/10.1128/aem.69.7.4103-4110.2003

Callens, M., Watanabe, H., Kato, Y., Miura, J., Decaestecker, E. 2018. Microbiota inoculum
composition affects holobiont assembly and host growth in Daphnia. Microbiome, 6: 56.

https://doi.org/10.1186/s40168-018-0444-1

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., Fierer, N.,
Pefia, A.G., Goodrich, J.I., Gordon, J.l., Huttley, G.A., Kelley, S.T., Knights, D., Koenig, J.E., Ley,
R.E., Lozupone, C.A., McDonald, D., Muegge, B.D., Pirrung, M., Reeder, J., Sevinsky, J.R,,
Turnbaugh, P.J., Walters, W.A., Widmann, J., Yatsunenko, T., Zaneveld, J., Knight, R. 2010. QIIME
allows analysis of high-throughput community sequencing data. Nat Methods, 7: 335-336.

https://doi.org/10.1038/nmeth.f.303

25


https://doi.org/10.1007/s11356-013-1646-5
https://doi.org/10.1128/aem.69.7.4103-4110.2003
https://doi.org/10.1186/s40168-018-0444-1
https://doi.org/10.1038/nmeth.f.303

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

Cervero-Arago, S., Sommer, R., Araujo, R.M. 2014. Effect of UV irradiation (253.7 nm) on free
Legionella and Legionella associated with its amoebae hosts. Water Res, 67: 299-309.

https://doi.org/10.1016/j.watres.2014.09.023

Clarke, K.R, Gorley, R.N. 2015. PRIMER v7: User Manual/Tutorial. PRIMER-E, Plymouth, 296pp.

Clarke, K.R., Gorley, R.N, Somerfield, P.J., Warwick, R.M. 2014. Change in marine communities:

an approach to statistical analysis and interpretation, 3rd edition. PRIMER-E, Plymouth, 260pp.

Comeau, A.M., Douglas, G.M., Langille, M.G. 2017. Microbiome Helper: a custom and
streamlined workflow  for microbiome research. mSystems, 2: e00127.

https://doi.org/10.1128/mSystems.00127-16

Corsaro, D, Venditti, D. 2010. Phylogenetic evidence for a new genotype of Acanthamoeba
(Amoebozoa, Acanthamoebida). Parasitology Res, 107: 233-238.

https://doi.org/10.1007/s00436-010-1870-6

Dai, Z., Sevillano-Rivera, M.C., Calus, S.T. Bautista-de Los Santos, Q.M., Eren, A.M., van der
Wielen, P.W.J.J,, ljaz, U, Z., Pinto, A.J. 2020. Disinfection exhibits systematic impacts on the

drinking water microbiome. Microbiome, 8: 42 https://doi.org/10.1186/s40168-020-00813-0

Delafont, V., Brouke, A., Bouchon, D., Moulin, L., Héchard, Y. 2013. Microbiome of free-living
amoebae isolated from drinking water. Water Res, 47: 6958-6965.

https://doi.org/10.1016/j.watres.2013.07.047

Figueras Salvat, M.J. and Ashbolt, N. (2019). Aeromonas. In: J.B. Rose and B. Jiménez-Cisneros,
(eds) Water and Sanitation for the 21st Century: Health and Microbiological Aspects of Excreta
and Wastewater Management (Global Water Pathogen Project). ( A. Pruden, N. Ashbolt and J.
Miller (eds), Part 3: Specific Excreted Pathogens: Environmental and Epidemiology Aspects -
Section 2: Bacteria), Michigan State University, E. Lansing, MI, UNESCO.

https://doi.org/10.14321/waterpathogens.21

26


https://doi.org/10.1016/j.watres.2014.09.023
https://doi.org/10.1128/mSystems.00127-16
https://doi.org/10.1007/s00436-010-1870-6
https://doi.org/10.1186/s40168-020-00813-0
https://doi.org/10.1016/j.watres.2013.07.047
https://doi.org/10.14321/waterpathogens.21

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

Fu, J.R, Liu, Q.Z. 2019. Evaluation and entomopathogenicity of gut bacteria associated with
dauer juveniles of Oscheius chongmingensis (Nematoda: Rhabditidae). Microbiologyopen.

Sep;8(9): e00823. https://doi: 10.1002/mbo3.823.

Gillou, L., Bachar, D., Audic, S., Bass, D., Berney, C., Bittner, L., Boutte, C., Burgaud, G., de Vargas,
C., Decellg, J., Del Campo, J., Dolan, J.R., Dunthorn, M., Edvardsen, B., Holzmann, M., Kooistra,
W. H.C.F,, Lara, E., Le Bescot, N., Logares, R., Mahé, F., Massana, R., Montresor, M., Morard, R.,
Not, F., Pawlowski, J., Probert, |., Sauvadet, A.L., Siano, R., Stoeck, T., Vaulot, D., Zimmermann,
P., Christen, R. 2013. The Protist Ribosomal Reference database (PR2): a catalog of unicellular
eukaryote small sub-unit rRNA sequences with curated taxonomy. Nucleic Acids Res, 41

(Database issue): D597-D604. https://doi.org/10.1093/nar/gks1160

Gordon, A. 2009. FASTX-Toolkit: FASTQ/A short-reads pre-processing tools. Cold spring harbor

laboratory, cold spring harbor, NY. http://hannonlab.cshl.edu/fastx toolkit/

Greub, G., & Raoult, D. 2002. Parachlamydiaceae: Potential Emerging Pathogens. Emer Infect

Dis, 8(6): 626-630. https://doi.org/10.3201/eid0806.010210.

Grskovi¢, B., Zrnec, D., Popovi¢, M., Petek, M.J., Primorac, D., Mrsi¢, G. 2013. Effect of ultraviolet
C radiation on biological samples. Croat Med J, 54: 263-271.

https://doi.org/10.3325/cm{.2013.54.263

Gugliandolo, C., Irrera, G.P., Lentini, V., Maugeri, T.L. 2008. Pathogenic Vibrio, Aeromonas and

Arcobacter spp. associated with copepods in the Straits of Messina (ltaly). Mar Poll Bull,

56, Issue 3: 600-606. https://doi.org/10.1016/j.marpolbul.2007.12.001.

Hasegawa, H., Naganuma, K., Nakagawa, Y., and Matsuyama, T. 2003. Membrane filter (pore

size, 0.22—0.45 um; thickness, 150 um) passing-through activity of Pseudomonas aeruginosa and

other bacterial species with indigenous infiltration ability. FEMS Microbiol. Lett. 223: 41— 46.

27


https://doi.org/10.1093/nar/gks1160
http://hannonlab.cshl.edu/fastx_toolkit/
https://doi.org/10.3325/cmj.2013.54.263
https://doi.org/10.1016/j.marpolbul.2007.12.001

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

Hayes-Larson, E. L.; Mitch, W. A. 2010.Influence of the method of reagent addition on

dichloroacetonitrile formation during chloramination. Environ. Sci. Technol, 44: 700-70.

Hijnen, W.A.M., Beerendonk, E.F., Medema, G.J. 2006. Inactivation credit of UV radiation for
viruses, bacteria and protozoan (oo)cysts in water: a review. Water Res, 40: 3-22.

https://doi.org/10.1016/j.watres.2005.10.030

Horn, M. 2008. Chlamydiae as symbionts in eukaryotes. Annu Rev Microbiol, 62: 113-31.

https://doi.org/10.1146/annurev.micro.62.081307.162818

Iglewski BH. Pseudomonas. In: Baron S, editor. Medical Microbiology. 4th edition. Galveston
(TX):  University of Texas Medical Branch at Galveston; 1996. Chapter

27. https://www.ncbi.nlm.nih.gov/books/NBK8326

Inkinen, J., Jayaprakash, B., Siponen, S., Hokajarvi, A.M., Pursiainen, A., Ikonen, J., Ryzhikov, 1.,
Taubel, M., Kauppinen, A., Paananen, J., Miettinen, I.T., Torvinen, E., Kolehmainen, M., Pitkdnen,
T. 2019. Active eukaryotes in drinking water distribution systems of ground and surface

waterworks. Microbiome, 3: 99. https://doi.org/10.1186/s40168-019-0715-5

Izquierdo, F., Castro Hermida, J.A., Fenoy, S., Mezo, M., Gonzdlez-Warleta, M., del Aguila, C.
2011. Detection of microsporidia in drinking water, wastewater and recreational rivers. Water
Res, 45: 4837-4843. doi: 10.1016/j.watres.2011.06.033.

https://doi.org/10.1016/j.watres.2011.06.033

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., Gl ockner, F.O., 2013.
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation

sequencing-based diversity studies. Nucleic Acids Res. 41, el.

Lacharme-Lora, L., Salisbury, V., Humphrey, T.J., Stafford, K., Perkins, S.E. Bacteria isolated from
parasitic nematodes--a potential novel vector of pathogens?. 2009. Environ Health. 21;8 Suppl

1(Suppl 1): S17. https://doi: 10.1186/1476-069X-8-S1-S17.

28


https://doi.org/10.1016/j.watres.2005.10.030
https://doi.org/10.1146/annurev.micro.62.081307.162818
https://doi.org/10.1186/s40168-019-0715-5
https://doi.org/10.1016/j.watres.2011.06.033

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

Legendre, P., Birks, H.J.B. 2012. Clustering and partitioning. In: Birks, H.J.B., Lotter, A.F., Juggins,
S., Smol, J.P. eds., Tracking Environmental Change Using Lake Sediments. Volume 5: Data

Handling and Numerical Techniques. Dordrecht, Springer: 167—-200.

Li, C., Ling, F., Zhang, M., Liu, W.T,, Li, Y., Liu, W. 2017a. Characterization of bacterial community
dynamics in a full-scale drinking water treatment plant. J Environ Sci (China), 51: 21-30.

https://doi.org/10.1016/j.jes.2016.05.042

Lin, W., Yu, Z., Zhang, H., Thompson, |.P. 2014. Diversity and dynamics of microbial communities
at each step of treatment plant for potable water generation. Water Res, 52: 218-230.

https://doi.org/10.1016/j.watres.2013.10.071

Liu, J., L,i B., Wang, Y., Zhang, G., Jiang, X., Li, X. 2020. Passage and community changes of
filterable bacteria during microfiltration of a surface water supply. Environ Int, 131:104998. doi:

10.1016/j.envint.2019.104998.

Liu, L., Wang, S., Ji, J., Xie, Y., Shi, X., Chen, J. 2020. Characteristics of microbial eukaryotic
community recovery in eutrophic water by using ecological floating beds. Sci Total Environ, 711:

134551. https://doi.org/10.1016/j.scitotenv.2019.134551

Lu, J., Struewing, |., Vereen, E., Kirby, A.E., Levy, K., Moe, C., Ashbolt, N. 2016. Molecular
detection of Legionella spp. and their associations with Mycobacterium spp., Pseudomonas
aeruginosa and amoeba hosts in a drinking water distribution system. J Appl Microbiol, 120:

509-521. https://doi.org/10.1111/jam.12996

Ma, X., Vikram, A., Casson, L., Bibby, K. Centralized Drinking Water Treatment Operations Shape
Bacterial and Fungal Community Structure. 2017. Environ Sci Technol. 2017.;51(13):7648-7657.

https://doi: 10.1021/acs.est.7b00768

Marciano-Cabral, F., Jamerson, M., Kaneshiro, E.S. 2010. Free-living amoebae, Legionella and
Mycobacterium in tap water supplied by a municipal drinking water utility in the USA. ) Water

Health, 8: 71-82. https://doi.org/10.2166/wh.2009.129

29


https://doi.org/10.1016/j.jes.2016.05.042
https://doi.org/10.1016/j.watres.2013.10.071
https://doi.org/10.1016/j.scitotenv.2019.134551
https://doi.org/10.1111/jam.12996
https://doi.org/10.2166/wh.2009.129

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

McArdle, B.H., Anderson, M.J. 2001. Fitting multivariate models to community data: a comment

on distance-based redundancy analysis. Ecology, 82: 290-297.

Moreno, Y., Moreno-Mesonero, L., Amords, |., Pérez, R., Morillo, J.A., Alonso, J.L. 2018. Multiple
identification of most important waterborne protozoa in surface water used for irrigation
purposes by 18S rRNA amplicon-based metagenomics. Int J Hyg Environ Health, 221: 102-111.

https://doi.org/10.1016/].ijheh.2017.10.008

Moreno, Y., Moreno-Mesonero, L., Garcia-Hernandez, J. 2019. DVC-FISH to identify potentially
pathogenic Legionella inside free-living amoebae from water sources. Environ Res, 176: 108521.

https://doi.org/10.1016/j.envres.2019.06.002

Moreno-Mesonero, L., Moreno, Y., Alonso, J.L., Ferrds, M.A. 2017. Detection of viable
Helicobacter pylori inside free-living amoebae in wastewater and drinking water samples from

Eastern Spain. Environ Microbiol, 19: 4103-4112. https://doi.org/10.1111/1462-2920.13856

Nakada-Tsuki, K., Nozaki, T. 2016. Immune response of amebiasis and immune evasion by

Entamoeba histolytica. Front Immunol, 7: 175. https://doi.org/10.3389/fimmu.2016.00175

Nizri, L., Vaizel-Ohayon, D., Ben-Amram, H., Sharaby, Y., Halpern, M., Mamane, H. 2017.
Development of a molecular method for testing the effectiveness of UV systems on-site. Water

Res, 127: 162-171. https://doi.org/10.1016/j.watres.2017.10.022

Oliveira FM, Neumann E, Gomes MA, Caliari MV. 2015. Entamoeba dispar: Could it be

pathogenic. Trop Parasitol, 5: 9-14. https://doi.org/10.4103/2229-5070.149887

Hayes-Larson, E. L.; Mitch, W. A. Influence of the method of reagent addition on
dichloroacetonitrile formation during chloramination. Environ. Sci. Technol. 2010, 44 (2),

700-70

30


https://doi.org/10.1016/j.ijheh.2017.10.008
https://doi.org/10.1016/j.envres.2019.06.002
https://doi.org/10.1111/1462-2920.13856
https://doi.org/10.3389/fimmu.2016.00175
https://doi.org/10.1016/j.watres.2017.10.022
https://doi.org/10.4103/2229-5070.149887

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

Otterholt, E., Charnock, C. 2011. Identification and phylogeny of the small eukaryote population
of raw and drinking waters. Water Res, 45: 2527-2538.

https://doi.org/10.1016/j.watres.2011.02.008

Pérez-Cataluia A, Salas-Masso N, Diéguez, A., Balboa, S., Lema, A., Romalde, J. L., Figueras, M.
J. 2018. Revisiting the Taxonomy of the Genus Arcobacter: Getting Order From the Chaos. Front

Microbiol. 9. https://www.frontiersin.org/article/10.3389/fmicb.2018.02077

Pinto, A.., Xi, C., Raskin, L. 2012. Bacterial community structure in the drinking water
microbiome is governed by filtration processes. Environ Sci Technol, 46: 8851-8859.

https://doi.org/10.1021/es302042t

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner, F.O.
2013. The SILVA ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res, 41 (Database issue): D590-D596.

https://doi.org/10.1093/nar/gks1219

Rochelle, P. A., A. A. Mofidi, M. M. Marshall, S. J. Upton, B. Montelone, K.,Woods, and G. Di
Giovanni. 2004. An investigation of UV disinfection and repair in Cryptosporidium parvum.

AWWARF, Denver CO, US.

RD 140/2003. Real Decreto 140/2003, de 7 de febrero, por el que se establecen los criterios
sanitarios de la calidad del agua de consumo humano.

https://www.boe.es/eli/es/rd/2003/02/07/140

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F. 2016. VSEARCH: a versatile open source

tool for metagenomics. Peer), 4: e2584. https://doi.org/10.7717/peer|.2584

Samba-Louaka, A. 2018. Legionella pneumophila-induced cell death: Two hosts, two responses.

Virulence, 9: 17-19. https://doi.org/10.1080/21505594.2017.1384527

31


https://doi.org/10.1016/j.watres.2011.02.008
https://doi.org/10.1021/es302042t
https://doi.org/10.1093/nar/gks1219
https://www.boe.es/eli/es/rd/2003/02/07/140
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1080/21505594.2017.1384527

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

Santos, J.H., Meyer, J.N., Mandavilli, B.S., Van Houten, B. 2006. Quantitative PCR-based
measurement of nuclear and mitochondrial DNA damage and repair in mammalian cells.

Methods Mol Biol, 314: 183-199. https://doi.org/10.1385/1-59259-973-7:183

Scheid, P.L. 2018. Free-living amoebae as human parasites and hosts for pathogenic

microorganisms. Proceedings, 2: 692. https://doi.org/10.3390/proceedings2110692

Scheid, P.L., Schwarzenberger, R. 2011. Free-living amoebae as vectors of cryptosporidia.

Parasitol Res, 109: 499-504. https://doi.org/10.1007/s00436-011-2287-6

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., Ramage, D., Amin, N., Schwikowski,
B., Ideker, T. 2003. Cytoscape: a software environment for integrated models of biomolecular

interaction networks. Genome Res, 13: 2498-2504. https://doi.org/10.1101/gr.1239303

Snicer, G.A., Malley, J.P., Margolin, A.B., Hogan, S.P. 2000. UV Inactivation of viruses in natural
waters; AWWA Research Foundation and American Water Works Association: Denver, CO, USA,

2000; 108p.

Song, M., Li, X., ling, S., Lei, L., Wang, J., Wan, S. 2016. Responses of soil nematodes to water
and nitrogen additions in an old-field grassland. Appl Soil Ecol, 120: 53-60.

https://doi.org/10.1016/j.apsoil.2016.02.011

Sulk, J., Volz, S., Obst, U., Schwartz, T. 2009. Application of a molecular biology concept for the
detection of DNA damage and repair during UV disinfection. Water Res, 43, 3705-3716.

https://doi.org/10.1016/j.watres.2009.05.048

Thomas, J.M., Ashbolt, N.J. 2011. Do free-living amoebae in treated drinking water systems
present an emerging health risk? Environ Sci Technol, 45: 860-869.

https://doi.org/10.1021/es102876y

32


https://doi.org/10.1385/1-59259-973-7:183
https://doi.org/10.3390/proceedings2110692
https://doi.org/10.1007/s00436-011-2287-6
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.apsoil.2016.02.011
https://doi.org/10.1016/j.watres.2009.05.048
https://doi.org/10.1021/es102876y

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

Thomas, V., Loret, J.F., Jousset, M., Greub, G. 2008. Biodiversity of amoebae and amoebae-
resisting bacteria in a drinking water treatment plant. Environ Microbiol, 10: 2728-2745.

https://doi.org/10.1111/j.1462-2920.2008.01693.x

Thompson, R.C.A., Smith, A. 2011. Zoonotic enteric protozoa. Vet Parasitol, 182: 70-78.

https://doi.org/10.1016/j.vetpar.2011.07.016

USEPA. 2012. Method 1623.1: Cryptosporidium and Giardia in water by filtration/IMS/FA. EPA

816-R-12-001.

Valster, R.M., Wullings, B.A., Bakker, G., Smidt, H., van der Kooij, D. 2009. Free-living protozoa
in two unchlorinated drinking water supplies, identified by phylogenic analysis of 18S rRNA gene

sequences. Appl Environ Microb, 75: 4736—4746. https://doi.org/10.1128/AEM.02629-08

Wang, H., Proctor, C.R., Edwards, M.A., Pryor, M., Domingo, J.W.S., Ryu, H., Camper, A.K., Olson,
A., Pruden, A. 2014. Microbial community response to chlorine conversion in a chloraminated
drinking water distribution system. Environ Sci Technol, 48: 10624-10633.

https://doi.org/10.1021/es502646d

WHO, World Health Organization. 2004. Safe piped water: managing microbial water quality in

piped distribution systems. World Health Organization, Geneva.

Zhang, R., Hou, A. 2013. Host-microbe interactions in Caenorhabditis elegans. ISRN Microbiol,

2013: 356451. https://doi.org/10.1155/2013/356451

Zuckerman U, Tzipori S. Portable continuous flow centrifugation and method 1623 for
monitoring of waterborne protozoa from large volumes of various water matrices. J Appl

Microbiol. 2006 Jun;100(6):1220-7. https://doi: 10.1111/j.1365-2672.2006. 02874

33


https://doi.org/10.1111/j.1462-2920.2008.01693.x
https://doi.org/10.1016/j.vetpar.2011.07.016
https://doi.org/10.1128/AEM.02629-08
https://doi.org/10.1021/es502646d
https://doi.org/10.1155/2013/356451

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

Figure legends:

Fig. 1. Non-metric multidimensional scaling (nMDS) plot of eukaryotic communities (generated
from the Bray—Curtis similarity matrix after square-root transformation of abundance) according
to the ‘treatment stage’ (active carbon and ultraviolet) factor at phylum level (A) and at genus

level (B).

Fig. 2 Relative abundances (%) of the eukaryotic phyla along the samples, according to the

treatment stage (C: active carbon, UV: ultraviolet).

Fig. 3. dbRDA plot representing the model of variation in eukaryotic species community and its
relationships to environmental variables. The length and direction of the vectors represent the

strength and direction of the relationship.

Fig. 4. Metscape network analysis showing the relationship between eukaryotic species and
environmental variables. The yellow nodes represent the axes of the dbRDA, defined by
environmental variables and the white nodes represent eukaryotic species. The red lines
indicate a positive correlation (r>0.5), while the blue lines indicate a negative correlation (r>-

0,5).

Fig. 5. Heatmap representing the relative abundances (square root transformation of the
percentage) of eukaryotic potential pathogens and bacterial carriers along the samples,

according to the treatment stage.

Fig. 6. Relative abundances (%) of the bacterial phyla (A) and classes (B) associated to protozoa,

according to the treatment stage (C: active carbon, UV: ultraviolet)

Fig. 7. Heatmap showing the relative abundances (square root transformation of the
percentage) of bacterial Phyla/Class associated to the eukaryotic organisms along the samples,

according to the treatment stage.
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Fig. 8. Heatmap showing the main waterborne bacterial genus (square root transformation of

the relative abundance percentage) present in the samples, according to the treatment stage.

Fig. 9. dbRDA plot representing the model of variation in bacterial pathogens structure and their
relationships to eukaryotic carriers. The length and direction of the vectors represent the
strength and direction of the relationship. The first axis was mainly defined by Caenorhabditis
(r=0.75), while the second axis was related to Hartmannella (r=0.61) and Caenorhabditis
(r=0.65). Finally, the third and fourth axis were defined by Naegleria (r=0.91) and Daphnia

(r=0.86), respectively.

Fig. 10. Metscape network analysis showing the associated bacterial pathogens to eukaryotic
carriers. The yellow nodes represent the axes of the dbRDA, defined by eukaryotic carriers and
the white nodes represent bacterial pathogens. The red lines indicate a positive correlation

(r>0.5), while the blue lines indicate a negative correlation (r>-0,5).
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