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Abstract: Drinking water distribution systems (DWDS) can host pathogenic amoebae, but the role
of biofilms in supporting the occurrence of these organisms needs to be fully explored in the UK
systems. The presence of amoebae and associated bacteria in biofilms attached to inner pipe surfaces
was studied in an experimental full-scale chlorinated distribution system in the UK. Quantitative
polymerase change reaction (QPCR) was used to identify and quantify amoebae, whilst the bacterial
communities in the biofilms were characterised by sequencing the 16S rRNA gene. Despite the
maintenance of a chlorine residual in the network (free chlorine > 0.24 mg/L), several species
of amoebae belonging to the genera Acanthamoeba, Vermamoeba, and Naegleria were identified in
30-day-old biofilm samples; however, no amoebae were detected in the water samples analysed.
The dominant bacterial communities present in the biofilm samples were Variovorax, Pseudomonas,
and Aguabacterium. These results indicate that the biofilm samples contained potential pathogenic
amoebae and bacteria, such as Acanthamoeba and Pseudomonas, respectively, which implies a potential
public health risk if the biofilms are mobilised into the bulk water. Several of the amoebae identified
in this study are able to support the presence of resistant bacteria that can remain viable within
these prokaryotic organisms until they reach people’s taps. The identification of the microorganisms
associated with the pathogenic amoeba species in biofilms could be used to improve the surveillance
of DWDS in order to protect public health.

Keywords: amoeba; water; water quality bacteria; biofilm; chlorination; drinking water

1. Introduction

Free-living amoebae (FLA) are unicellular eukaryotic organisms classified as protists
that can grow in different natural and man-made environments, including soil, marine
water, fresh water, eyewash stations, swimming pools, and drinking water distribution
systems (DWDS) [1,2]. The life cycle of FLA usually comprises a vegetative form, called a
trophozoite, and a resting form, called a cyst. However, some amoebae, such as Naegleria
spp., have an additional flagellate stage, and others, such as Mayorella and Amoeba, are non-
cyst-forming species [3]. Among the organisms considered as FLA, members of the genera
Acanthamoeba, Naegleria, Vermamoeba, Sappinia, and Balamuthia have been recognised as
etiologic agents of encephalitis (Naegleria fowleri, Acanthamoeba spp., Balamuthia mandrillaris,
and Sappinia diploidea) and/or responsible for amoebic keratitis (Acanthamoeba spp. and
Vermamoeba vermiformis, previously known as Hartmannella vermiformis) [4-6].

Since the 1970s, the United Kingdom (UK) has been registering cases of diseases
caused by pathogenic amoebae, such as primary amoebic meningoencephalitis (PAM),
produced by Naegleria fowleri [7,8], and Acanthamoeba keratitis (AK), a corneal infection
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produced mainly by members belonging to the Acanthamoeba genus [9-17]. These diseases
have been on the rise and are potentially fatal if not accurately diagnosed and promptly
treated [5,18,19]. PAM is a fulminating infection of the central nervous system that has a
mortality rate of 97%. Due to the rapid onset of the symptoms and disease progression,
PAM is commonly diagnosed post-mortem [20]. In AK disease, amoebae are introduced
to the cornea during trauma or the improper care of contact lenses. The amoebae feed on
keratocytes, resulting in corneal ulceration, photophobia, pain, and enucleation of the eye
in the worst-case scenario [5].

Cases of diseases caused by FLA have been increasingly linked to DWDS. PAM cases
have been associated with ritual ablutions using municipal water in Pakistan, backyard
hoses, and community water parks in the United States of America (USA), and overland
water systems in Australia [21-23], whereas AK cases have been commonly associated
with the improper care of contact lenses when preparing homemade saline solutions using
contaminated tap or distilled water [24,25]. The AK incidence in the UK is higher overall
than in the rest of Europe and the USA [11], with a 15 times higher incidence rate than
the USA and a seven times higher rate than in the Netherlands [12]. Recently, AK has
been described as an outbreak based on the data provided by Moorfields Eye Hospital.
There has been an average of 53 cases per year between 2012 and 2016, which is three times
higher than the decade before (2000-2010) [15].

The presence of pathogenic FLA in DWDS is favoured by a number of physical
and chemical factors, such as the increased distance from the disinfection site, reduction
of residual chlorine, water hardness, and higher water temperatures, as well as factors
that may also be site-specific, such as network infiltration rates, the pipe material used,
and/or hydrodynamic properties [11,17,26,27]. The biological factors associated with FLA
presence are not well understood; however, increased bacterial richness has been shown
to be associated with N. fowleri presence [28]. Moreover, several studies have indicated
that pipe wall biofilms, which represent more than 95% of the total biomass in DWDS [29],
are able to support the growth of amoebae by providing a food source and protecting
them against disinfectants, such as chlorine [26]. By feeding on the microbial layers within
biofilm, not only can amoebae continue to persist but they can also further enhance bacterial
productivity by nutrient cycling and prey pressure [30]. Although pathogenic amoebae
previously were found mostly in warmer areas, climate change appears to be contributing
to their geographic spread [31,32].

Not only are FLA a risk due to their inherent pathogenicity but they also have a
number of associated endosymbionts, including viruses, yeast, protists, and bacteria,
of which some are potential human pathogens [4,5,33]. Thus, FLA can act as “Trojan
horses” for pathogens, offering an environment in which these organisms are protected
from the physical (predation from other protozoa) and chemical (reducing efficacy of
chemical disinfectants) conditions that would normally prevent their survival [1,30,34].
This strategy could mobilise hidden pathogens, increasing their transmission potential.
Amoebae resistant bacteria (ARB) are able to resist death by phagocytosis and benefit from
interactions with FLA. There is a wide diversity of these ARB; however, some of these
bacteria have been described as human pathogens, such as Staphylococcus aureus, Listeria
monocytogenes, Salmonella spp., Vibrio cholerae, Helicobacter pylori, Legionella pneumophila,
Mycobacterium avium, or Pseudomonas aeruginosa [35-38]. Mounting evidence suggests
that FLA increase both the number and virulence of intracellular bacteria, allowing for
increased rates of infectivity and intracellular replication [39—41]. Numerous studies
have investigated these interactions in vitro, but more evidence is needed on how these
interactions occur in the environment.

FLA continue to be relevant contributors to waterborne disease, and the increasing
prevalence and detection of these pathogens is driving the need for a better understanding
of their interactions with the environment, other organisms, and associated pathogenic
bacteria. Assessing and understanding the relationships and interactions between FLA
and the surrounding microbial community is integral to ensure the continued safety of
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water systems and to maintain public health. In order to improve the knowledge of these
interactions, this research aims to identify the viability of amoebae in biofilms using a
UK full scale DWDS facility, representative of real-world environments in distribution
networks, as well as exploring possible interactions between bacterial communities. The
results will inform water utilities on the possible risks associated with bacteria and amoebae
in biofilms and improve the management strategies for maintaining water quality standards
by controlling microbial growth.

2. Materials and Methods
2.1. Experimental Facility and Conditions

The experiment was carried out using a DWDS test facility at the University of
Sheffield, UK (Figure 1A). The facility has 3 independent loops of 9.5 m x 21.4 m long coils
of high-density polyethylene (HDPE) pipe with an internal diameter of 79.3 mm. Each
loop is connected to its own enclosed reservoir tank, which is fed with water from the
local DWDS. From each tank, water can be recirculated in each loop at different flow rates
and pressure using individual speed pumps and valves that are controlled by a central
computer to enable simulation of real hydraulic demand patterns.

Figure 1. (A) Full scale experimental DWDS facility composed of 3 individual loops; (B) removable
pipe sections used for biofilm sampling.

To enable the in situ sampling of biofilms developed in the pipe walls, each loop has
6 removable HDPE pipe sections of 0.5 m in length (Figure 1B). Before the experiment
started, the whole facility was disinfected with 20 mg/L of RODOLITE H (RODOL Ltd.,
Liverpool, UK), a sodium hypochlorite-based solution with less than 16% free chlorine.
The pipes were flushed at a maximum flow rate (4.2 L/s) and left standing for 24 h with
the disinfectant. Then, the facility was flushed again at the maximum flow rate with fresh
tap water until the levels of free chlorine were within the limit recommended by the World
Health Organization (no greater than 5 mg/L) [42] and showed close values to the tap
water entering the system (=0.2 mg/L).

To achieve the objectives of this research, the 3 loops were operated under the same
conditions for a growth phase of 30 days to allow for the biofilm development in the
internal pipe walls. For this growth phase, a low varied flow hydraulic profile that follows
daily patterns observed in real DWDS in the UK was applied. The regimen follows a typical
domestic dominated diurnal pattern with nighttime low flow of 0.2 L /s and morning peak
flow of 0.5 L/s [43].

2.2. Water Physico-Chemistry

Water quality parameters were measured to obtain information about the inner pipe
environment. Measurements were taken at the beginning of the experiment, every 10 days
during the growth phase, and at each sampling point using discrete triplicate water samples
(n = 3) by sampling ports connected to each loop. Water temperature and pH were tested
using a Hanna portable meter HI 991003 (Hanna Instruments, Leighton Buzzard, UK),
and free and total chlorine concentrations were tested using a Palintest CS100 chlorosense
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Drinking Water
Distribution System
Test Facility

(Palintest, Gateshead, UK). Water turbidity was measured using a Palintest compact tur-
bidity meter QuadoptiX™ (Palintest, UK). All measurements were taken following the
manufacturers’ protocols.

2.3. Microbial Communities Sampling

Planktonic communities were assessed by collecting 10 L bulk water samples from
each loop by means of sampling ports. Samples were then concentrated down to 500 mL
using a tangential flow filtration (TFF) system (PALL Life Science, New York, NY, USA),
and 3 aliquots of 10 mL were taken for microbial community analysis. Each of the loops
also contained 6 removable 0.5 m long HDPE pipe sections (Figure 2) to enable in situ
sampling of pipe wall biofilm. At the end of the experiment (day 30), 3 of these pipe
sections were removed from each loop, for a total of 9 biological replicates. A total biofilm
area of 375 cm? (15 cm long of each section) was removed from each pipe section using a
sterile nylon brush and a standardised brushing protocol [44] and resuspended in 5 mL
of bulk water collected from the pipe facility. The concentrated bulk water and biofilm
samples were then sent to CSIRO Land and Water (Floreat, WA, USA) for further analysis.

HDPE tubular
section (0.5 m)

i e el e e Loop 1
P P P D D — P
I e — — — h— |,
P P P Y D PEE— P
) e el e e — Loop 3
\_—}\——}\_—} P
[ [
R1 R2 R3
Water Samples Biofilm Samples
= Se—
: : —
15cm
10 L of bulk X —*
water filtered
using Tangential Pipe area 5 mL of bulk
Flow Filtration brushed: water
375 cm?

Figure 2. Schematic representation of planktonic and biofilm microbial communities sampling.

2.4. Analysis of Microbial Communities and Amoebae Presence

The total microbial community concentrations were analysed by flow cytometry using
methods previously described by Miller et al. (2015) [45]. The remaining bulk water and
biofilm samples were divided into two equal portions. One portion was used for viable
amoebae analysis using our previously published protocol [28,46—48]. In short, samples
were concentrated by centrifugation at 2000x g for 10 min, supernatant decanted, and
pellets resuspended in 1.5 mL of 25% Ringers solution (Oxid Corp., Farmington Hills,
MI, USA). The sample (500 pL per plate) was plated onto three non-nutrient agar plates
coated with Escherichia coli (NNA-E. coli) and incubated separately at 42 °C, 30 °C, and
room temperature (RT) ~22 °C. Positive plates were scraped, and DNA was extracted
using Bio-Rad InstaGene matrix (BioRad, Hercules, CA, USA) following manufacturer’s
protocol to identify amoebae as previously reported [28,46-48]. The second portion was
concentrated by centrifugation (10,000x g for 5 min) for biofilm and filtered (0.22 pm) for
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bulk water and used for total DNA extraction. Total DNA from biofilm and bulk water
was extracted using either Qiagen DNeasy PowerSoil kit (biofilm) or Qiagen DNeasy
PowerWater DNA Isolation kit (bulk water) (Qiagen, Germantown, MD, USA) according
to the manufacturer’s protocol and stored at —20 °C [28,46—48]. InstaGene and total DNA
extractions were then used for the molecular detection of amoebae by qPCR melt-curve
analysis. Methods for Naegleria species identification by qPCR melt curve analysis along
with reaction concentrations, primers, and PCR cycle conditions were performed as previ-
ously described [46]. Samples were run in triplicate with either an N. fowleri specific primer
set or a consensus primer set for Naegleria spp. and Vermamoeba spp. [49]. Acanthamoeba spp.
specific primers [50] were used to amplify DNA samples using following PCR conditions
modified from Schroeder et al. 2001: initial denaturing step of 15 min at 95 °C, followed
by 45 cycles of 95 °C 30 s, 60 °C 1 min, 72 °C 2 min, and with a 6 s pause at 80 °C for
fluorescent dye detection. Positive controls (target DNA) and negative (RNase-free H,O
and DNA extraction blanks) controls were included in each gPCR experiment.

2.5. Assessment of the Microbial Community Composition

Microbial community composition of biofilm sample and controls was assessed by se-
quencing a ~300 bp amplicon targeting the V4 region of the 16S rRNA gene using total DNA
extracted from the biofilm samples as previously reported [47,51]. Amplicons were gener-
ated using gene-specific primers (in bold) with the appropriate adapter sequence for Illu-
mina sequencing (in italics) 515f (5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGT
GCCAGCMGCCGCGGTAA-3') and 806rbc (5'-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGGACTACHVGGGTWTCTAAT-3') (IDT, Coralville, IA, USA). Samples were
first amplified individually using Platinum Taq (Invitrogen, Waltham, MA, USA) according
to the Illumina amplicon sequencing protocol (Illumina, San Diego, CA, USA) using the
following PCR conditions: 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 50 °C
for 30 s, and 72 °C for 1 min, followed by a final elongation step at 72 °C for 5 min. All
amplicon products were then purified using Agencourt Ampure beads (Beckman Coulter,
Brea, CA, USA), separately amplified with Illumina index primers (94 °C for 2 min, fol-
lowed by 8 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final
elongation step at 72 °C for 5 min), purified using Agencourt Ampure beads, quantified
(Qubit; Thermo Fisher, Waltham, MA, USA), and pooled in equimolar concentrations. The
purified library was then sequenced on an Illumina MiSeq using a v2 300 bp PE sequencing
kit following the manufacturer’s protocol (Illumina, CA, USA).

Raw Illumina reads were processed using QIIME2 version 2019.10 [52]. Imported
paired-end reads were denoised and merged using DADA?2 [53] (via q2-dada2), which
involved trimming the primer sequences from each read, truncating at 220 bp or 200 bp
(R1 and R2 reads, respectively), and de novo chimera detection and removal to produce a
set of amplicon sequence variants (ASVs). The ASVs were clustered into de novo OTUs
at 97% similarity using the vsearch clustering algorithm plugin [54]. Representative OTU
sequences were classified using the q2-feature-classifier [55] classify-sklearn naive Bayes
taxonomy classifier against the SILVA 132 515F /806R reference sequence database.

2.6. Spearman Correlations

Significant Spearman correlations (p > 0.05) were used to infer the relationship be-
tween physicochemical parameters, the amoeba identified, and the bacterial biofilm com-
munities. Data obtained at day 30 were analysed, which includes the 5 physicochemical
parameters measured during the study, the biofilm cell counts, 6 amoeba genera detected
in samples by qPCR, and 86 OTUs at 97% cut off. The software used for this purpose was
SPSS Statistics 26 (IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp).
The Spearman’s rank-order correlation is a nonparametric test that measures the strength
and direction of the association between two ranked variables, providing a correlation
coefficient signified by rs. The Spearman correlation coefficient, rs, can take values from
+1 to —1 as follows: (i) rs of +1 indicates a perfect positive association of ranks, (ii) rs of
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0 indicates no association between ranks, (iii) rs of —1 indicates a perfect negative associa-
tion of ranks. Therefore, rs values close to +1 indicate a strong positive correlation between
the two factors that are analysed, while values close to —1 indicate a strong negative
correlation. The closer rs to zero, the weaker the association between the ranks.

3. Results
3.1. Water Characteristics

The physical and chemical parameters of the recirculated water were fairly consistent
across the three loops (Table 1). The pH values were near neutral throughout the experiment
and ranged from 6.70 to 7.40, while the water temperature ranged from 15.80 to 23.40 °C,
which was consistent with the changes in the room temperature. The free chlorine levels
were between 0.24 and 0.50 mg/L, with concentrations slightly higher at the beginning of
the experiment when the test facility was disinfected with RODOLITE. A similar trend was
witnessed for the total chlorine measurements (0.49-0.70 mg/L). Higher turbidity levels
were observed for the first 10 days of the experiment (0.36-0.70 NTU) as a consequence of
the increased participles suspended in the new incoming water.

Table 1. Water physico-chemical parameters measured during the experiment. All values represent an average of 3 discrete

water samples + standard deviation.

Water Water Temperature Free Chlorine  Total Chlorine Turbidity
pH °O) (mg/L) (mg/L) (NTU)

Day 0 7.37 £0.17 15.80 + 0.46 0.50 4 0.05 0.67 £ 0.09 0.53 +0.18

Loop 1 Day 10 7344 0.07 16.17 &+ 0.06 0.33 £ 0.09 041 +£0.17 0.70 £0.34
Day 20 733 £0.15 16.80 & 0.56 0.26 £ 0.07 0.33 £0.01 0.40 4 0.28

Day 30 7.40 £ 0.03 23.40 +0.10 0.29 +0.01 0.30 £ 0.00 0.11 +0.05

Day 0 6.91 £ 0.08 16.30 £ 0.61 0.44 £ 0.05 0.59 £ 0.05 0.47 £ 0.05

Loop 2 Day 10 6.70 £0.15 15.97 &+ 0.06 0.50 £0.16 0.44 £0.05 0.53 £0.11
Day 20 7.04 +0.05 17.00 £0.17 0.24 4 0.06 0.32 +0.04 0.28 4 0.06

Day 30 7.00 £ 0.06 23.30 £ 0.15 0.30 +0.05 0.36 & 0.005 0.13 +0.02

Day 0 6.92 £0.17 15.87 £ 0.12 0.32 £0.16 0.47 £ 0.08 0.36 £ 0.32

Loop 3 Day 10 6.96 £+ 0.08 16.00 £ 0.00 0.31 4+ 0.02 0.46 £ 0.02 0.49 +0.22
Day 20 6.98 £ 0.04 17.03 £ 0.15 0.28 £ 0.02 0.31 £0.05 0.37 £0.01

Day 30 6.70 & 0.09 23.23 +0.32 0.26 4 0.03 0.32 £+ 0.02 0.12 4+ 0.03

3.2. Amoeba Presence and the Total Microbial Community

At the operational end of the pipe loop experiment, the biofilm and bulk water samples
were collected for the analysis of the presence of amoebae. In the bulk water samples,
no viable or non-viable amoebae were detected. In the biofilm samples, viable amoebae
growing on NNA-E. coli plates were detected in loops 1 and 2 (Table 2). The viable amoebae
were identified as Vermamoeba species and Naegleria clarki. The molecular analysis of the
amoebae using the total DNA samples detected amoebae in all three loop systems. The
non-viable amoebae were multiple Naegleria species as well as Vermamoeba and Acanthamoeba
species. All the samples were negative for the presence of pathogenic N. fowleri. The total
microbial counts in the biofilm samples ranged from 1.69 x 10* to 1.23 x 10° cells/cm? (Table 2).

Table 2. Amoebae analysis and total cells in biofilm cells from samples at day 30.

NNA Viability and qPCR sofi
Sample Biofilm Loop y q Total DNA qPCR Biofilm Total 2Cells
Room Temperature 30°C (Cells/cm?)
Biofilm 1 1 NEG NEG NEG 3.37 x 10°
. L Vermamoeba spp., 6
Biofilm 2 1 Vermamoeba spp. Vermamoeba spp. N. dobsoni, N. australiensis 1.23 x 10
Biofilm 3 1 Vermamoeba spp. NEG N. australiensis, N. clarki, 3.50 x 10

Acanthamoeba spp.
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Table 2. Cont.

Sample Biofilm Loop NNA Viability and qPCR Total DNA qPCR Biofilm Total 2Cells
Room Temperature 30°C (Cells/cm?)
Biofilm 4 2 NEG N. clarki NEG 2.62 x 10°
Biofilm 5 2 NEG NEG N. dobsoni 2.89 x 10°
Biofilm 6 2 NEG NEG N. dobsoni 1.69 x 10*
Biofilm 7 3 NEG NEG N. australiensis 1.65 x 10°
Biofilm 8 3 NEG NEG N. australiensis 1.84 x 10°
Biofilm 9 3 NEG NEG N. lovaniensis 2.70 x 10°
NEG stands for negative result.
3.3. Bacterial Community Analysis in Biofilm Samples
The bacteria community analysis (Figure 3) showed a clear difference between the
loops despite being fed with the same local source of drinking water during the exper-
imental growth and a 24 h water retention time for all the loops. The main difference
between the communities was observed in loop 3, with a very high relative abundance
of Pseudomonas in two of the replicate samples (>68%) and with a high abundance of
Cupriavidus in the replicate 1 (77%). The concentration of free chlorine was less in loop
3 (average = 0.29 mg/L, n = 12) during the growth phase when compared with the other
loops (loop 1 average = 0.34 mg/L and loop 2 average 0.37 mg/L; n = 12 for each loop); this
was the main characteristic in the bulk water that could explain the differences in the repli-
cates of loop 3 when compared with the other loops, yet the high levels of Cupriavidus in
replicate 1 are unique when compared with the other samples. However, other parameters
in the bulk water that could have influenced this result, such as the total organic carbon
(TOC), were not measured during the experiment.
® Unknown W Variovorax
100 — B Undibacterium B Thiopseudomonas
W Thermus W Thermoanaerobacterium
90 I W Tepidiphilus W Tardiphaga
W Spirosoma Sphingopyxis
80 — 1 Sphingomonas W Sphingobium
E—_— W Shewanella Schlegelella
—_ Roseococcus Rhynchosporium
é 70 Rhodobacter Reyranella
o B Pseudomonas W Prosthecobacter
g 60 B Porphyrobacter W Phreatobacter
-‘3 B Phenylobacterium B Paenibacillus
g 50 B Novosphingobium Neuskia
= B Mucilaginibacter Methylotenera
i Methylophilus Methylobacterium
2 40 m Meiothermus W Massilia
E W Leuconostoc W Lactobacillus
éﬂ 30 W Lacibacter W Herminiimonas
W Heliimonas Halomonas
20 Geobacillus Fusarium
Flavobacterium Escherichia-Shigella
Dyadobacter B Duganella
10 B Denitratisoma m Deinococcus
—

R1 R2 R3 R1 R2 R3 R1 R2 R3

Loop 1 Loop 2 Loop 3

Blank

W Dechloromonas

B Clostridium

B Caulobacter
Bradyrhizobium

W Azospirillum

W Arcicella

B Cupriavidus

m Cellulomonas
Caldicellulosiruptor
Bosea

W Azospira
Aquabacterium

Figure 3. Relative abundance of the main bacteria genera in the biofilm samples.
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Overall, the predominant bacteria genera in all the biofilm samples were Pseudomonas
(21-75%), followed by Variovorax (5-26%) and Aquabacterium (2-20%). Several genera were
present in most of the samples but with a relative abundance of less than 5%, such as
Methylotenera, Sphingomonas, Arcicella, and Cupriavidus.

3.4. Correlation between Physicochemical and Microbial Parameters

Spearman’s correlations (Table S1) indicated that most of the amoeba genera detected
in the samples showed significant correlations (p < 0.05) with a bacterial OTU, especially
N. dobsoni. The relative abundance of these OTUs did not exceed the 4% in any case, and
most of them belonged to Alphaproteobacteria and to the Sphingomonadaceae family. Re-
garding the genus Vermamoeba, although it did not present correlations with any bacterial
OTUgs, it did have a significant positive correlation with the total number of cells counted
in the biofilm. Concerning the physicochemical parameters, only the turbidity was signifi-
cantly correlated with two species of amoebae, positively with N. dobsoni and negatively
with N. clarki.

4. Discussion

Amoebae have been previously found in DWDS, and some of them cause fatal in-
fections, such as N. fowleri. In this study, the chlorine disinfectant residual levels were
consistent with the operational water quality targets (free chlorine 0.2-0.5 mg/L) in the
water and a maximum temperature of 23.4 °C; amoebae were only found in biofilms and
not in planktonic communities. It has been hypothesised that suboptimal chlorine residuals
enable the increase of the microbial richness, the presence of specific microbial taxa, and
can also influence the presence of amoebae.

The bulk water and biofilm were assessed for the presence of FLA using viable and
molecular testing methods. Thermophilic N. fowleri was not detected in this study; this
amoeba is typically isolated from warmer waters with lower free chlorine residuals. Viable
Vermamoeba spp. and another Naegleria spp., N. clarki, were detected in loops 1 and 2,
respectively, with no viable FLA detected in loop 3. Due to the similarities in the physical
and chemical characteristics across the 3 loops, we cannot ascertain their influence on
the presence of the specific amoebae in each of the loops. When looking at the molecular
detections, we see that loop 1 had detections for multiple FLA, including pathogenic
Acanthamoeba spp.; however, only Vermamoeba spp. was detected viably at the 30-day
sample point. This could suggest a state of flux for loop 1 where multiple species are
incoming but only one is able to fully colonise the biofilm of the pipe at any given time.
This is consistent with Miller, Wylie, et al. (2018), who found that competition between
co-colonising amoebae exists and proposes that the result of such competition may be
reliant on the surrounding bacterial community [47].

When assessing the biofilm bacterial communities, all the replicates had above
10* cells/mL, meaning that all the samples had sufficient bacterial richness to support
N. fowleri growth [28,56]. When looking more closely at the composition of the biofilm bac-
terial communities, Proteobacteria dominated across all the loops, yet there were differences
in the composition of the less abundant community members between the loops. Carpitella
et al. (2020) showed that it is not always the most abundant microorganisms that play a
key role in determining the DWDS processes [57]. Thus, these “rare” community members
could be influencers on the presence of specific FLA in a given biofilm, as observed in
the Spearman correlations. Miller, Morgan, et al. (2018) have found that Meiothermus,
although not a major component of the DWDS biofilms in this study, is a food source and
has a significant co-occurrence with N. fowleri, indicating its potential role in enabling N.
fowleri colonisation to occur [48]. This means that certain bacteria, not always the most
abundant members, can favour the presence of amoebae, as was observed in this study
with Vermamoeba spp. or Naegleria spp. in loops 1 and 2. Sphingomonadaceae has been
previously related with FLA; some studies of DWDS have indicated negative associations
between this bacterial family and amoebae [48]; meanwhile, others have described that
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these microorganisms tend to be concurrent [58]. Several significant correlations were
established between some amoeba species (N. dobsoni and N. australis) and the OTUs of the
Sphingomonadaceae family; thus, these bacterial members could influence the distribution of
the FLA in DWDS.

Another aspect that needs to be considered is that the detected amoebae are known
to act as reservoirs for drinking water pathogenic bacteria, such as Legionella or Mycobac-
terium [59]. The main bacterial genera found in this study was Pseudomonas, which is
one of the main members of biofilms in UK chlorinated DWDS, associated with different
types of pipe materials and hydraulic conditions [60]. Previous studies have analysed the
interaction between amoebae and Pseudomonas spp., establishing that amoebae, such as
Acanthamoeba spp., can feed on this microorganism, while some species are resistant to
amoebae [26]. Therefore, FLA can act as a reservoir for amoeba-resistant strains of Pseu-
domonas, including several opportunistic pathogens that belong to this genus. Regarding
the other two most representative genera, Variovorax and Aquabacterium, they have been
described in previous studies of FLA and bacteria in drinking water [58]. It has been
reported that several members of the Variovorax genus are endosymbionts of amoebae, such
as Arcella rotundata [61], Acanthamoeba, or Saccamoeba lacustris [62]. Aquabacterium is a genus
highly abundant in DWDS, especially in biofilms [63,64], but, to the best of our knowledge,
no relationship has been established between this bacterium and the amoebae characterised
in this study before. Considering this, further studies on the interactions of amoebae with
mixed species biofilms and not just a limited number of pathogenic microbial species are
also needed to better understand the range and complexity of the interactions between
amoebae and bacteria. If amoebae feed on biofilms, they do not only transport pathogens
but they can also help to disseminate the biofilm-associated processes in DWDS, such as
virulence factors, genes resistant to disinfection, and antibiotics [65]. Further studies in
UK chlorinated systems are needed to verify whether pathogenic bacteria coexist within
the biofilm in chlorinated DWDS, as well as to determine if these harmful microorganisms
have become part of the amoebae microbiota.

Monitoring in the UK in searching for the FLA in DWDS is certainly limited. This
is likely because the UK is a temperate region, meaning that pathogenic thermophilic
amoebae are not likely to be present due to the lower temperatures. However, climate
change has resulted in rises in the average global temperature, and the prediction models
suggest that this trend will continue [66]. This has already resulted in thermophilic amoebae
being isolated from temperate regions, which was previously not thought possible [67],
and a northern expansion of the range of PAM deaths in the USA [32], which may explain
the recent outbreak of AK described in the UK. Europe and the UK will continue to become
warmer and may also see increased precipitation, which may favour N. fowleri colonisation
and the spread of PAM [19]. For this reason, the surveillance of the FLA in UK DWDS
is becoming more important to ensure the continued safety of consumers. In addition,
the results here detected amoebae in the biofilm, not the bulk water. As biofilm is the
known reservoir for amoebae [26], the need to better monitor biofilm and biofilm-associated
organisms in operational DWDS needs to be addressed.

5. Conclusions

The biofilm samples contained multiple amoebae (viable and non-viable), which are
potential pathogens and able to support the presence of ARB. Amoebae were not detected
in the bulk water samples, but its detection in the biofilm samples implies a potential risk
of the mobilisation of these microorganisms into the bulk water through changes in the
hydraulic conditions or through migration. The studied biofilms also had a high relative
abundance of potential opportunistic pathogens, including Pseudomonas. Further studies
are needed to assess the presence, abundance, and composition of amoebae and associated
bacteria and mixed species biofilms in the UK water supply systems as well as potential
changes in their presence due to climate change impacts.
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