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Impact of coagulation-ultrafiltration on long-term
pipe biofilm dynamics in a full-scale
chloraminated drinking water distribution system-

Kristjan Pullerits, ©3° Sandy Chan, % Jon Ahlinder,® Alexander Keucken,®
Peter Radstrom? and Catherine J. Paul & *3¢

While pipe biofilms in DWDSs (drinking water distribution systems) are thought to affect the quality of
distributed water, studies regarding the microbial processes are impeded by the difficulties in accessing
biofilm undisturbed by DWDS maintenance. In this study, pipe sections were removed from a fully operational
DWDS for biofilm sampling over two years and three months, and before and after start of ultrafiltration (UF)
with coagulation treatment in the drinking water treatment plant (DWTP). Water (n = 31), surface biofilm
(obtained by swabbing, n = 34) and deep pipe biofilm (obtained by scraping, n = 34) were analyzed with 16S
rRNA gene amplicon sequencing; with flow cytometry, and chemical and natural organic matter (NOM)
analysis as additional parameters for water quality. UF with coagulation decreased the total cell concentration
in the DWDS bulk water from 6.0 x 10° + 2.3 x 10° cells per ml to 6.0 x 10° + 8.3 x 10° cells per ml, including
fluctuations due to seasonal change, as well as decreasing most analyzed fractions of NOM. UF treatment of
the water revealed that 75% + 18% of the cells in the water originated from DWDS biofilm, confirmed by
SourceTracker analysis, with the rest of the cells likely released from biofilm on DWTP storage tanks.
Following UF start, the ASVs (amplicon sequence variants) in the deep pipe biofilm decreased, and Evenness
and Shannon diversity indices decreased, reflecting the community’s response to the new environment
created by the altered water quality. The pipe biofilm community was dominated by ASVs classified as
Nitrosomonadaceae, Nitrospira, Hyphomicrobium and Sphingomonas, with relative abundances ranging from
5-78%, and also included ASVs of genus Mycobacterium, genus Legionella and order Legionellales. This
community composition, together with the observation that turnover of nitrogen compounds was
unchanged by UF start, indicate that nitrification in the DWDS was localized to the pipe biofilm.

Pipe biofilm in a full-scale DWDS did not result in any significant biofilm detachment following installation of coagulation and ultrafiltration in the
treatment plant. The bacterial community did alter, with nitrifiers adapting to maintain turn-over of nitrogen compounds at pre-UF levels. Since removal of
cells by UF didn't impact nitrification, this was localized to the biofilm in this system.

1. Introduction

The surface of pipes in drinking water distribution systems
(DWDSs) are colonized by microorganisms as biofilm. It has

“ Applied Microbiology, Department of Chemistry, Lund University, P.O. Box 124,
SE-221 00 Lund, Sweden. E-mail: catherine.paul@tvrl.Ilth.se
b Sweden Water Research AB, Ideon Science Park, Scheelevigen 15, SE-223 70
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been estimated that >95% of the biomass in DWDSs is found
in pipe biofilm and loose deposits™* and biofilm may include
up to 10® bacteria per cm®® Pipe biofilm is of great
importance and has been linked to the drinking water quality
by altering aesthetics of the bulk water, enhancing
nitrification in chloraminated systems,’ serving as a reservoir
for persistent opportunistic pathogens such as Legionella and
Mycobacteria® and influencing corrosion.”

© FOI, Swedish Defence Research Agency, Cementvigen 20, SE-906 21 Umed, Sweden Due to their location, sampling of pipe biofilm in a DWDS
“vatten & Miljo i Viist AB, P.O. Box 110, SE-311 22 Falkenberg, Sweden is challenging. To address this difficulty, studies have
Water Resources Engineering, Department of Building and Environmental investigated different types of biofilms in the DWDS that are

Technology, Lund University, P.O. Box 118, SE-221 00 Lund, Sweden
t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d0ew00622;

more accessible, including biofilm on water meters® and
coupons recovered from pilot- and full-scale systems,”'® as

1 Present address: Sydvatten AB, Hyllie Stationstorg 21, SE-215 32 Malmo, Sweden. well as estimations of the biofilm community by sampling
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water at different locations in the DWDS.'""? Grab samples
of pipe biofilm, obtained for research purposes or during
pipe maintenance, have also been investigated.»®"?™'?

Maintaining disinfectant residuals such as chloramine to
repress growth of problematic organisms in the DWDS is
common practice. This use is however debatable since
resistant microorganisms can be selected'® and, in
combination with organic matter, undesirable
disinfection byproducts to form."” The use of chloramine
generates ammonia in the DWDS by excess ammonia, from
chloramine formation, and chloramine decay, which can
stimulate growth of nitrifying bacteria and subsequent
undesirable production of nitrite and nitrate.'® The ammonia
is converted to nitrite by AOB (ammonia oxidizing bacteria)
or AOA (ammonia oxidizing archaea); this nitrite can then
support continued decay of monochloramine, and growth of
NOB (nitrate oxidizing bacteria), producing both nitrate and
growth of biofilm."® Bacteria in chloraminated drinking water
included a community with diverse approaches to nitrogen
metabolism dominated by Nitrosomonas (AOB), and Nitrospira
(NOB) and accompanied by heterotrophs such as
Sphingomonas™® and these taxa were recently identified as
actively conducting nitrification in diverse pipe biofilms."?

When a drinking water treatment plant (DWTP) in Varberg,
Sweden, installed an ultrafiltration (UF) facility with two-stage
filtration and in-line coagulation at the primary membrane
stage,®® the new finished water (FW) contained virtually no
bacteria, and less and different natural organic matter (NOM)."*
The impact of this change on the bacterial community was
examined by collecting water, swabbing the surface of the
biofilm, and scraping to remove deep biofilm from multiple
sections of pipe in series and excavated from the operational
DWDS. In this drinking water system, we previously reported
which bacteria were entering the water phase from the biofilm""
and how seasonal variations and residence time affect the water
quality.*" In this study we examine how installation of the
coagulation and ultrafiltration processes in the DWTP impacted
the DWDS biofilm. The nature of the water quality in the DWDS
was characterized in detail in order to determine if these
changes could be linked to specific roles for the bacteria in the
pipe biofilm, and we show that the bacterial biofilm alone can
impact both biotic and abiotic aspects of water quality.

cause

2. Methods

2.1 Study site and sampling

Samples were collected from the DWDS and DWTP
(Kvarnagarden) in Varberg, Sweden operated by Vatten &
Miljo i Vviast AB (VIVAB). Treatment consisted of pH
adjustment, rapid sand filtration, storage tank 1 with
addition of monochloramine, followed by storage tank 2 and
3 and UV disinfection (for more details see ref. 20). In
November 2016, UF was added, hereafter defined as UF start,
resulting in a treatment chain of rapid sand filtration,
storage tank 1, coagulation and UF, pH adjustment, storage
tank 2 with addition of monochloramine, storage tank 3 and

This journal is © The Royal Society of Chemistry 2020
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UV disinfection (Fig. 1A). The monochloramine residual
concentration in the finished water (FW) was between 0.13
and 0.21 mg L™ as total chlorine. UF feed water was used for
pH adjustment until March 2017 after which UF permeate
water was used."!

Pipe biofilm (BF) was sampled in four locations in the
DWDS on six occasions over 27 months (Fig. 1A). Biofilms
BF1, BF2 and BF3 were sampled from a 25-30 year-old PVC
pipe, while BF4 was sampled from a 15 year-old PE pipe.
Before UF start, BF1, BF2, BF3 and BF4 were sampled two (n
= 8), none, one (n = 4) and two (n = 8) occasions, respectively.
After UF start BF1, BF2, BF3 and BF4 were sampled four (n =
16), two (n = 8), two (n = 8) and four (n = 16) occasions,
respectively. All sampled pipes had a diameter of 160 mm.
Biofilm was collected from multiple adjacent sections, 5-10
m upstream of each previous sampling location; and with
swabbing through 360° in the field and with duplicate cotton
swabs (Fig. S1At) for surface biofilm samples; a strategy
supported by both Neu et al>* and Liu et al.'® Following
surface sampling, sections of at least 70 cm excavated pipes
were sealed with parafilm and transported to the lab. Deep
biofilm was then sampled from 50 cm of the bottom half of
each section (total area: 0.13 m®) of excavated pipe (Fig.
S1BY) within one hour, using a flame-sterilized custom-made
metal scraper (Fig. S2f). Biofilm suspension was
homogenized and collected using a 1 mL pipette with cut-off
tips to avoid clogging the tips and suspensions were
aliquoted into 1.5 mL Eppendorf tubes and duplicates used
for sequencing. Cotton swabs and scraped biofilm were
stored at —20 °C until DNA extraction.

Water was collected in the DWTP and from three
distribution points (DPs; DP1, DP2 and DP3) in the DWDS
(Fig. 1A) for conventional water quality analysis (n = 1,
Eurofins Environment Testing Sweden AB, Linképing), NOM
characterization (= 1, LC-OCD-OND (liquid
chromatography-organic carbon detection-organic nitrogen
detection) at DOC-Labor (Germany)), flow cytometry (FCM) (n
=1, technical triplicates) and DNA sequencing (z =1 and n =
2 for FW and DP3). FCM samples were collected in 15 mL
Falcon tubes and when applicable, chlorine residuals were
quenched with 1% (v/v) sodium thiosulfate (20 g L7).
Samples were stored on ice or at 4 °C for less than 12 hours
before analysis. Water for sequencing was collected in
sterilized borosilicate bottles (1 L before UF start, and feed/
RW, 5 L after UF start), filtered onto 0.22 um pore size filters
(Merck, Germany) and stored at —20 °C until DNA extraction.
Raw data of flow cytometry-, conventional- and LC OCD-
analyses are available through figshare (https://doi.org/
10.6084/m9.figshare.12555353).

2.2 FCM analysis

FCM analysis was conducted on raw water, feed to the UF,
FW and three DPs according to Prest et al>® and Gatza
et al®*® using a BD Accuri C6 flow cytometer (Becton
Dickinson, Belgium) with a 50 mW laser at a wavelength of
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Fig. 1 Overview of sampling locations and total cell concentrations (TCC) over time. (A) Schematic illustration of the drinking water treatment
plant (DWTP) process steps, and distribution points (DPs) in the DWDS, indicating locations where water was sampled, as well as biofilm (BF)
points, where pipe sections were excavated for biofilm sampling. @ indicates pipe diameter, arrows indicate water flow direction, and pipe
material was polyethylene (PE) or polyvinyl chloride (PVC). The ultrafilter (UF) started November 28, 2016. (B) TCC in the water, determined by
flow cytometry, and indicating in time when biofilm was sampled (dotted lines) and the UF start (*, bold, dashed line). Error bars show standard

deviations of technical triplicates. Before the UF start, raw-water (RW) is labelled “Feed”. Parts of this data are also shown in Chan et al. (2019

and Schleich et al. (2019).%

488 nm. Total cell concentrations (TCC) were measured by
staining bacteria in water samples with SYBR Green I at a
final concentration of 1x in triplicate, final volume of 500 pL.
Intact cell concentrations (ICC) were measured by staining
bacteria with SYBR Green I (1x final concentration, 500 pL
final volume) and propidium iodide (0.3 mM final
concentration, 500 pL final volume) in triplicate. Stained
samples were incubated at 37 °C for 15 min and 50-250 pL
was analyzed (to ensure >1000 cells per analysis) using a
threshold of 500 arbitrary units in green fluorescence. FCS
files were analyzed using FlowJo (Tree Star Inc., USA) and
gated identically on green fluorescence (533 + 30 nm) and
red fluorescence (>670 nm). High nucleic acid (HNA)
bacteria were measured by a cut-off in green fluorescence at
>2 x 10" arbitrary units.*® The contribution of cells from the
pipe biofilm (BFcells) was calculated using eqn (1) where
cellspp is the TCC at the distribution point and cellsgw the
TCC in the Finished Water:

BFcells = cellspp — cellspw (1)

The relative contribution of cells from the pipe biofilm
(BFcells (%)) was calculated using eqn (2)
BFcells

BFCellS (0/0) = m (2)

where BFcells was calculated with eqn (1).

2.3 Bacterial community analysis

All DNA was extracted using the FastDNA Spin Kit for soil (MP
Biomedicals, USA) following the manufacturer's instructions.
Sodium phosphate was added to Lysing Matrix E tubes and

3046 | Environ. Sci.: Water Res. Technol., 2020, 6, 3044-3056
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either the cut-off tip of the cotton swabs; 120 pL of the scraped
biofilm; or, filter papers cut into strips, were added to the tubes.
Empty filters and unused cotton swabs were extracted as
negative controls. DNA was stored at —20 °C. The V3-V4 region
of the 16S rRNA gene was amplified with primers 341F (5-CCTA
CGGGNGGCWGCAG-3) and 785R (5-GACTACHVGGGTATCTAAT
CC-3).*° The PCR reaction (25 pL) included 12.6 uL MilliQ-water,
10 pL 5 Prime Hot MasterMix (Quantabio, USA), 0.4 uL (20 mg
mL™) bovine serum albumin, 0.5 pL (10 pM) forward and
reverse primers and 1 pL template DNA or 5 pL template DNA
in low biomass samples. PCR settings were 94 °C for 3 min and
35 cycles of 94 °C for 45 s, 50 °C for 1 min, 72 °C for 1.5 min
and a final step of 72 °C for 10 min. Three PCR reactions were
performed for each sample, pooled together, visualized by
agarose gel, with DNA concentration quantified using a Qubit
2.0 dsDNA BR Assay Kit (Thermo Fisher Scientific, USA). Some
primer dimers were observed following amplification from low
biomass samples (FW, after UF start), although these were
minimal in the amplicons from biofilm. Fifty ng of each pooled
amplicon were pooled together and purified using Select-a-Size
DNA clean and concentrator (Zymo Research, catalog #4080)
and quantified using Qubit. Purified amplicon concentrations
were adjusted to 2 nM, the library was denatured and diluted
according to manufacturer's instruction (Illumina, USA), 10%
PhiX was added to the sequencing run and amplicons
sequenced using the MiSeq Reagent Kit v3 (600-cycles)
(Illumina) according to the manufacturer's instructions.

2.4 Bioinformatics and statistics

Raw sequencing reads were demultiplexed with deML*® and
processed in QIIME2,”” version 2018.8.0. Reads were

This journal is © The Royal Society of Chemistry 2020
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truncated at 280 and 215 bp for forward and reverse reads,
respectively, and classified with the Greengenes database.’®
Additional analyses were done with the Phyloseq package®’
in R.*° Samples were visualized in a PCoA plot using Bray
Curtis dissimilarity. Negative controls clustered with low
biomass samples (FW, after UF start) having low read counts.
Thus, samples with fewer than 2600 reads and all FW
samples after UF start (eight negative controls and nine FW
samples) were not included in further data analyses.
Singletons and ASVs at a frequency less than 0.005% of the
total number of reads®' and ASVs occurring in less than four
samples were removed, resulting in 289 ASVs in 99 samples.
Each ASV was identified with a number from 1-289 and letter
to indicate its taxonomy when available (g = genus, f = family,
o = order and c = class). Reads were normalized to relative
abundances. R packages used for visualizations and
calculations were; ggplot2,** ggnomics,*® microbiome®* and
VennDiagram.?® R script and plots from Kantor et al.>® were
used as inspiration in some figures. Species diversity indices
were calculated using Phyloseq (Shannon Index and observed
ASVs) and the microbiome package (Pielou's measure) with
non-normalized reads as suggested by McMurdie and
Holmes®” since these indices are based on observations and
not fractions. Differential abundance analysis was conducted
with DESeq2,*® using non-normalized reads (Pagjustea < 0.05).
A Bayesian signature based microbial source tracking method
(SourceTracker®®) was utilized using default settings with the
exception of a rarefaction depth set to 10000. The source
library included 68 biofilm communities, five raw-water
communities and seven negative control communities (to
account for possible contamination®®).

Pearson correlation (paired #test) was calculated with the
cor.test function, and the Welch t¢-test, were done in R.
Locally weighted least squares (loess) regression was done
using geom_smooth function in ggplot2 with the span
parameter at 0.9. DNA sequences are available at the NCBI
sequence read archive with the project accession number:
PRJNA622401.

3

3. Results

3.1 Impact of UF start on water quality

Most water quality parameters responded predictably, based
on expected changes introduced by UF start (Fig. S167 and
Chan et al., (2019)'"). The UF with coagulation removed 32%
+ 4.4 of the dissolved organic carbon (DOC), from 2700 + 300
ppb-C (feed) to 1800 + 140 ppb-C (permeate) (Fig. S177).
Following UF start, DOC, chromatographic dissolved organic
carbon (CDOC), chemical oxygen demand (COD-Mn),
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absorbance and color decreased in the DPs (Table 1).
Throughout the study the UF feed water or raw water had a
TCC of 820000 + 90000 (+ standard deviation) (Fig. 1B).
Before UF start, the finished water (FW) and water from the
DWDS (DP1, DP2, DP3) had similar mean TCC, at 630000 +
200000 cells per mL and 600 000 + 230 000 cells per mL, with
minimal contribution of cells from pipe biofilm (-0.13% =+
0.33; eqn (2)). After UF start, most cells in the FW originated
from UF feed water used for pH regulation’" while after
March 2017, UF permeate was used for pH regulation, and
the TCC in the FW was 900 + 560 cells per mL, likely
originating from biofilm in DWTP storage tanks. Each DP
had water with TCC of an overall mean of 6000 + 8300 cells
per mL (DP1: 2600 + 1100, DP2: 9700 + 13 000 and DP3: 5800
+ 4500 cells per mL) and the contribution of cells from the
DWDS pipe biofilm was an average of 75% + 18 (64% =+ 20,
81% + 16 and 80% =+ 14 at DP1, DP2 and DP3, respectively),
reaching 98% at DP2 when the water temperature was
elevated (Fig. S31). While comparisons were limited, there
was no difference in the number of cells entering the water,
during the transition phase (sampling points 3 to 4; 4600 +
4600 cells per mL; eqn (1)) compared to the later sampling
times (sampling points 5 to 6; 2600 + 1600 cells per mL) (P >
0.05, Welch t-test).

Observations of absolute counts of HNA cells (Fig. S4AT)
and intact cells (Fig. S4Bt) were similar to that of the TCC
(Fig. 1B). From March 2017 to June 2018 the mean % HNA in
the FW was 47% =+ 10, and increased with distribution (65%
+9, 71% + 8 and 60% =+ 6 in water from DP1, DP2 and DP3
respectively; Fig. S5A71). While the % HNA always increased at
the DPs, the % ICC difference changed with water
temperature (Fig. S5Bf): % ICC difference decreased at the
DPs from March 2017 to June/July 2017 and then increased,
compared to the FW, until March 2018.

3.2 The pipe biofilm and water communities

The bacterial communities in water and biofilm were
investigated with 16S rRNA gene amplicon sequencing. The
number of observed biofilm ASVs were 20 + 3.4, 19 + 2.3, 42
+ 7.0 and 41 + 7.8 at BF1, BF2, BF3 and BF4, respectively (Fig.
S67). Principal coordinates analysis (PCoA), based on Bray
Curtis-dissimilarity, showed that communities at BF3 and
BF4 were more similar than those at BF1 and BF2 (Fig. S7Af).
The ASVs from the same pipe section (BF1, BF2, BF3),
changed with distance from the treatment plant (Fig. 2B).
The relative abundance of Nitrosomonadaceae decreased
between BF1 to BF3, whereas that of Nitrospira increased with
distance (Fig. 2 and S8f) which was also observed with

Table 1 Selected water quality parameters (mean value * standard deviation) of the distribution points (DP1, DP2 and DP3), before and after UF start.

See Fig. S16 and S177 for other conventional water quality and NOM analyses

DOC (ppb-C) CDOC (ppb-C) COD-Mn (mg O, per L) Absorbance 254 nm (A.U) Color 410 nm (mg Pt per L)
Before (n =9) 2500 + 170 2400 + 130 2.2 +0.12 0.41 + 0.032 12 £ 1.6
After (n = 24) 1800 + 170 1700 + 120 1.3 £0.11 0.19 + 0.048 0.38 £ 1.7

This journal is © The Royal Society of Chemistry 2020
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differential abundance analysis (Fig. S9f). At BF1, ASVs
classified as Nitrosomonadaceae, Hyphomicrobium and
Sphingomonas dominated in relative abundance; at 64% + 10,
23% + 10 and 10% =+ 12, respectively (Fig. 2A). The
community at BF2 was also dominated by Nitrosomonadaceae,
at 42% + 6, while the ASV classified as Nitrospira increased to
31% + 14, and relative abundances of Hyphomicrobium and
Sphingomonas were comparable to those at BF1, at 17% + 12
and 6% =+ 2, respectively. Biofilms at BF3 and BF4 were
dominated by the ASV classified as Nitrospira, at 78% + 5
(BF3) and 75% + 12 (BF4), relative abundance of
Hyphomicrobium was less, at 5% + 3 (BF3) and 6% + 3 (BF4),
and, relative abundance of Sphingomonas was similar to that
at BF1 and BF2, at 6% + 2 (BF3) and 6% + 2 (BF4).

Observed ASVs in water from the DWTP were 79 + 13, and
94 + 13 at the DPs before UF start, decreasing to 45 + 17 after
UF start (Fig. S61). Before UF start, ASVs in the water at the DPs
were similar to the DWTP (Fig. S7Bt and 2B), and distinct from
those in biofilm. Following UF start, ASVs in the distributed

View Article Online
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contributed 86% + 8 of the bacterial community at DPs (Fig. 3)
while following UF start, this decreased to 4% =+ 4 and the water
community largely consisted of bacteria originating from
biofilm (60% + 20), estimated by SourceTracker. The taxa with
highest assignment probability in the DPs within the biofilm
source after UF start were Nitrosomonadaceae, Nitrospira,
Hyphomicrobium and Sphingomonas (data not shown).

Mycobacterium_142, was present in 20/36 samples from
BF3 and BF4 (Fig. S10t), ranging from 0.43% to 31%, while
Mycobacterium_144 was present in the RW, feed and FW and
water from the DPs before UF start. Following UF start,
Mpycobacterium_143 was observed in the water from DP1 and
DP2. One ASV classified as the order Legionellales
(Legionellales_174) was present in 47/68 biofilm samples (Fig.
S117), at 0.019% to 1.4% relative abundance, and was also
present in 9/12 water samples from DPs after UF start (relative
abundance 0.31% to 3.8%) (Fig. 2B). A second ASV classified
to genus level as Legionella_175 was present in four samples
from BF1.

water resembled those in the biofilm, including The core biofilm community contained six ASVs present at

Nitrosomonadaceae, Nitrospira, Hyphomicrobium and  all four BFs, regardless of sampling occasion: two ASVs

Sphingomonas (Fig. 2B). Before UF start, the raw water  classified as Sphingomonas, two ASVs classified as
A Biofilm Water Family
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Fig. 2 Bacterial community composition in biofilm and water. Samples are ordered in rows and grouped together based on sample type. ASVs present
at >3% in one sample, representing 45 ASVs, are shown in both panels. Each column is one biological replicate. (A) Bar plot showing relative abundance
at family level where each ASV is a bar separated by a black line. (B) Heatmap of ASVs with the most specified taxonomy when available, g = genus, f =
family, o = order and c = class. Abbreviations; S: surface and D: deep. Sampling time indicates the date of sampling (Fig. 1B).
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Hyphomicrobium, one ASV classified as Nitrosomonadaceae
and one ASV classified as Rickettsiaceae (Fig. 4 and Table
S1t). The biofilm communities at BF3 and BF4 shared the
most ASVs, at 30.

3.3 Dynamics in pipe biofilm community in response to UF
start

Dynamics in the biofilm community as a response to UF start
were examined over time, and between surface and deep
locations in the biofilm. Only BF1 and BF4 were sampled
sufficiently often for statistically robust comparison. In deep
biofilm at BF1 and BF4, observed ASVs decreased with time
(Fig. 5, P < 0.05 and P = 0.0504, paired t-test), reaching
numbers similar to those in their surface biofilm by the end
of the study. The number of observed ASVs in the surface
biofilm was similar over time at both locations (P > 0.7,
paired t-test) while Shannon and Evenness indices decreased
with time in surface and deep biofilm at both locations (P <
0.05, paired t-test). The biofilm communities at BF1 and BF4
responded in a similar way to UF start: changing from their

g_Hyphomicrobium_239
g_Hyphomicrobium_244
g_Sphingomonas_247
g_Sphingomonas_248
f_Nitrosomonadaceae_196
f_Rickettsiaceae_222

Fig. 4 Identification of the core biofilm community. ASVs shared
among the biofilm communities at different sampling points are shown
in the different sections of the Venn diagram. ASV core communities
for each biofilm represent ASVs >0.1% relative abundance in a
minimum of 4 samples. The six ASVs shared by all four biofilms are
shown with the most specified taxonomy available, g = genus and f =
family. See ESIt Table S1 for all other shared ASVs. BF1: n = 24, BF2: n
= 8, BF3: n = 12 and BF4: n = 24.
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original composition before UF start (Fig. S121); moving
through a transitional community shortly after UF start, to
cluster together in a distinct post-UF community.

Changes in relative abundance of ASVs over time (Fig. 6),
and in surface and deep biofilm, defined the biofilm
communities before UF (sampling time 1 and 2), during
transition (sampling time 3 and 4), and after UF start
(sampling time 5 and 6). At BF1, after UF start,
Nitrosomonadaceae_196 increased in relative abundance, from
41% =+ 8.5 to 65% * 5.6 (surface and deep grouped together, P
< 0.001, one-way ANOVA), whereas Nitrosomonadaceae_197
decreased in relative abundance from 17% + 7.0 to 3.4% =+
1.8 (P < 0.05, one-way ANOVA). Hyphomicrobium_244 and
Hyphomicrobium_243 both increased after UF start (7.0% =
2.9 to 12% + 2.4 and 4.4% + 1.2 to 14% =+ 3.7 (P < 0.05 and P
< 0.05, one-way ANOVA), before and after UF start
respectively) while Sphingomonas 247 decreased from a
relative abundance of 26% =+ 7.7 to 0.46% =+ 0.33.
Sphingomonas_248 had a relative abundance of 1.9% + 0.97
before UF and decreased to 0.64 + 0.23% in the transition
state, before returning to 1.8% =+ 0.81 relative abundance
after UF start.

At BF4, and after UF start, Nitrospira_101 increased from
50% + 6.4 to 76% + 4.3 (P < 0.001, one way ANOVA),
whereas three other ASVs in this genera decreased
(Nitrospira_103 from 20% + 6.4 to 2.3% * 1.6; Nitrospira_102
from 5.6% * 1.3 to 1.6% = 0.87; and, Nitrospira_104 from
4.4% + 1.1 to 1.0% + 0.60; all P < 0.001, one-way ANOVA).
Mpycobacterium_142 increased from 0% to 3.3% = 2.7,
following UF start, reaching a maximum relative abundance
of 31% + 1.0 in the deep biofilm during transition
(sampling time 4) with ASV Mycobacterium 141 showing a
similar trend. As at BF1, Hyphomicrobium_244 increased in
relative abundance at BF4 after UF start, from 1.4% + 0.54
to 28% =+ 1.4 (P < 0.05, one-way ANOVA). These
observations were comparable to those obtained with
differential abundance analysis (Fig. S157).
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regression. See ESIf Fig. S13 and S14 for full data sets.

3.4 Nitrification in the DWDS

UF status did not impact concentrations of nitrogen species
at different locations (Fig. 7) and therefore was not
influenced by the number of cells in the distributed water.
Ammonium nitrogen in the water decreased between the

3050 | Environ. Sci.: Water Res. Technol., 2020, 6, 3044-3056

DWTP and the DPs by an average concentration of 0.025 +
0.0045 mg L™* before, and 0.021 + 0.003 mg L™ after UF start

(° -

0.17, Welch t-test) with nitrite nitrogen showing an

opposite trend and increasing as water passed through the
DWDS, by 0.014 + 0.0023 mg L™ before, and 0.014 + 0.0012
mg L' after the UF start (P = 0.87, Welch t-test). Nitrate
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Fig. 7 Concentrations of nitrogen compounds in water were unchanged by installation of UF. Concentrations of ammonia-nitrogen, nitrite-
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are depicted as 0 in the figure. n = 1 for each sampling time and location.

nitrogen did not change during distribution of water before
UF start (0.017 + 0.017 mg L™, P > 0.37, Welch ¢test), and
decreased only slightly after UF start (0.019 + 0.017 mg L™" (P
< 0.05, Welch #test). Ammonium nitrogen and nitrite
nitrogen were below the detection limit for DPs further away
from the DWTP than DP3 (data not shown).

4. Discussion

This study describes the dynamics of the bacterial
community in pipe biofilm and the associated drinking water
over a 27 month period in a full scale DWDS. During this
time the DWTP was upgraded to combine coagulation with
UF treatment, and led to an immediate change in water
quality, significantly altering the bacteria and NOM in the
DWDS. By sampling multiple pipe sections, and with many
fewer cells in the distributed water, the connection between
these changes in water quality on the resident biofilm
community over this period could be directly assessed and
attributed to contact with the pipe biofilm, in both the
immediate weeks following the UF start,'' and over the
extended time period in the current study.

4.1 Interaction of the biofilm with the distributed water

No large disturbance or sudden changes in the number of
bacteria released from the biofilm were observed following
UF start. The numbers of bacteria at the DPs were low, and
changed mainly with season, echoing results in other studies
of this DWDS?" with SourceTracker analysis confirming that
the majority of these cells originated from the pipe biofilm,
and not the DWTP. Significant impacts have been observed
when the “balance of forces” required to maintain stability in
the quality of distributed water have been altered by, for
example, a change of source water, or physical flow
characteristics.*' In the present study, while a great number
of cells were removed from the water, with some impact on
organic matter, other operational parameters such as
chlorination®' were not changed: and hence the nature of the

This journal is © The Royal Society of Chemistry 2020

disturbance can explain why dramatic changes observed in
other DWDS during transition were not observed.

The identity of bacteria in the DPs was consistent with
those released from biofilm directly after UF start,"'
including more cells defined as HNA at the DPs than in the
FW. While some cells may have increased in number during
distribution due to growth, including growth of cells released
from the biofilm, the doubling time of planktonic bacteria in
oligotrophic drinking water has been estimated as 2.31 days
(ref. 42) and together with the greatly reduced number of
cells (which can also serve as a source of nutrition®® and the
water temperature during the study period, the increase in
cell number as the water was distributed can be largely
attributed to those entering from the biofilm. The water
community in both this and the previous study included
abundant Nitrospira and Sphingomonadaceae and this agrees
with the observation that these have previously been
identified as HNA bacteria (>0.4 pm)" as well as
identification of these taxa as abundant members of the
biofilms in this study. A previous description of this DWDS
(also following UF start) noted a shift to LNA bacteria in the
water during distribution, although this study examined
water with significantly longer retention times (up to ~170
h).>" As water is distributed, monochloramine is depleted,
other chemical changes occur and there is increasing
numbers of bacteria in this system released from the pipe
biofilm in proportion to distance, suggesting that at more
distal locations, the community in the biofilm is not similar
to that observed in this study.

4.2 Changes in the biofilm community driven by nitrification

While pipe material and age in the branch of the DWDS where
BF1-BF3 originated were identical, the observations in the
biofilm community suggest that water residence time and
changed water chemistry (due to upstream biofilm metabolism,
see below) began to shift the community after 400 m, with a
complete community change after 1300 m. Influence of

Environ. Sci.: Water Res. Technol., 2020, 6, 3044-3056 | 3051
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hydraulic parameters on the community was also evident when
comparing BF3 and BF4. Biofilms formed in contact with
drinking water under lower flow rates have higher biomass,
DNA concentration and total number of cells,*” suggesting that
water flowing at a reduced rate at BF4 may have had contact
with a similar amount of biomass, and subsequent
nitrification, as that at BF3, and supporting similar
communities at these locations. The pipe section with BF4
serves fewer consumers and thus while equally distant as BF1
from the DWTP, the water at BF4 likely had contact with the
biofilm similar to that at BF3, and supported by the higher
TCC in the water at DP2 than DP3. That flow is an influencing
factor on the community at BF4 is further supported by
observations that both nitrate concentration and the presence
of Mycobacterium have been inversely correlated to flow."”

As the presence of NOM facilitates decomposition of
monochloramine into ammonia and nitrate;*® and increased
concentrations of bacteria would remove monochloramine,*”
UF start would increase the relative concentration of
monochloramine in contact with the biofilm. In contrast,
analysis of the nitrogen compounds showed no change at the
different DPs following UF start, and nitrification was
unaffected by removal of the cells in the water phase,
strongly suggesting that nitrification takes place exclusively
in the biofilm of this system. A significant role for the pipe
biofilm in nitrogen transformation is supported by the
observation that nitrifiers Nitrosomonadaceae and Nitrospira,
together with Hyphomicrobium and Sphingomonas, accounted
for 5-78% of the mean relative abundance in the biofilm.
The role for chemoautotrophic nitrifiers is well established,
metagenomics evidence has described participation of
Sphingomonas in nitrogen cycling in drinking water."> The
core community here across all locations was comprised of
only genera Hyphomicrobium and Sphingomonas and families
Nitrosomonadaceae and Rickettsiaceae and coupled with the
high relative abundance of Nitrosomonadaceae and Nitrospira,
suggests that the biofilm in this study survives largely via
ammonia and nitrite oxidation. The relative abundance of
family Nitrosomonadaceae was higher in BF1, compared to
BF3 in the same pipe section, and genus Nitrospira gradually
predominated as distance, and water residence time,
increased from the treatment plant, at sampling locations
BF3 and BF4. As nitrification is the conversion of ammonium
to nitrite by AOB (Nitrosomonadaceae), continued by nitrite to
nitrate conversion by NOB (Nitrospira), it seems the biofilm
converted the majority of the ammonium to nitrite in the
distance from BF1 to BF3, and supported by high nitrite
concentrations at DP3. Longer water residence time, such as
that at BF4, would slow inflow of fresh ammonia, permitting
complete nitrification to a greater extent at a shorter
distance, and supporting the high relative abundance of
Nitrospira at BF4. Only the biofilm at BF2 showed a mix of
both AOB and NOB, showing that certain locations may
support balanced mutualistic symbiosis*® and; communities
at different locations will be determined by the delivery of
nitrogen compounds in the flowing water, although the

3052 | Environ. Sci: Water Res. Technol., 2020, 6, 3044-3056
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presence of commomox Nitrospira within the Nitrospira ASVs
identified here cannot be ruled out.** The water at DP2
downstream from BF4 showed lower nitrite concentrations
than at DP3, preceeding the abundant Nitrospira at BF3, and
ammonia and nitrite were below the detection limit in DPs
with longer residence times (data not shown), further
supporting that conversion of nitrite to nitrate relies on
abundant Nitrospira in the biofilm.

Changes in the relative abundance and spatial
distribution of ASVs for nitrifiers following UF start indicate
that the biofilm community may buffer changes in relative
ammonium and nitrate concentrations by changing the
abundance of its members: after 1.5 years the changes in the
community were apparent in ASVs, but not at family level
(Fig. 2). This indicates that the biofilm maintained
functionality’® while adapting to the new water quality.®*
The communities at BF1 and BF4, and those in the water
following UF start, decreased in evenness and Shannon
diversity with time, indicating selection of bacteria (ASVs) for
the new environment, and possibly reflecting the relative
increase in monochloramine concentration as lower diversity
has been proposed to correlate with higher disinfectant

concentration.”® ASVs capable of oxidizing ammonia
(Nitrosomonadaceae 197, BF1) decreased in relative
abundance  following UF  start, however, other

Nitrosomonadaceae taxa (196) increased at the same sampling
location, reflecting adaptation, and demonstrating functional
redundancy for conversion of ammonia to nitrite. Relative
abundance of Nitrospira also responded to UF start, with
decreases in Nitrospira ASVs 102103 and 104 at sampling
point BF4, and increase in Nitrospira ASV 101, with no
change in nitrate concentrations. In a study using batch
reactors, ammonia concentrations only decreased in the
reactor containing particulate matter obtained from filtration
of drinking water, while all reactors maintained similar TCC
in the bulk water phase, supporting that nitrification may
require cells attached to surfaces.”® Large populations of
nitrifiers were identified in tropical chloraminated pipe
biofilms, and nitrification activity in biofilm corresponded to
identified taxa;"® and, nitrogen biotransformation in
chloraminated DWDS and reservoirs has been linked to
diverse populations including nitrifiers and heterotrophic
bacteria.'>** This suggests that to maintain monochloramine
residual, drinking water producers need to consider
nitrification occurring in the biofilm and that, regardless of
biological content in the distributed water, disinfection
concentration will continue to be determined by location
within the DWDS."”

Sphingomonas and Hyphomicrobium have been observed in
high relative abundances in pipe biofilm from real and
model DWDS pipe materials exposed to a variety of residual
disinfection types'*'*** and have recently been linked to
heterotrophic metabolism of nitrogen species.'® In the
current study, relative abundance of Sphingomonas ASV 247
was most affected by UF start at BF1, where a decreased
NOM content, together with higher flow than at BF4, may

This journal is © The Royal Society of Chemistry 2020
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have pushed past the limits of oligotrophy tolerable for
Sphingomonas. An increasing abundance of Sphingomonas has
been associated with decreased disinfectant residual®® so this
could also reflect a relative increase in monochloramine after
UF start, and abundance of Sphingomonas in the water
downstream of BF1 at DP3, and after UF start, suggests
shedding of this ASV from BF1, due to the new environment.
The changes in relative abundance of Sphinogomonas at BF1
may also be linked to the shift in ASV identity of the
Nitrosomonas representative at BF1, as a metabolic link
between these taxa, with Nitrosomonas producing tyrosine to
be degraded by Sphingomonas, has been proposed.'’
Depending on the metabolism of individual ASVs, changes in
identity and relative abundance of Sphingomonas and
Nitrosomonas at BF1 may also explain why ASVs for
Hyphomicrobium increased following UF start, due to a lack
of competition from Sphingomonas, and altered availability of
C1 compounds and nitrite. The flexibility of Hyphomicrobium
species to utilize Cl-compounds likely gives them an
advantage in oligotrophic like pipes,
particularly those distributing ultrafiltered water, as well as
via denitrification in monochloraminated DWDS.*

environments

4.3 Impact of treatment change on taxa associated with
opportunistic pathogens

ASVs classified as Mycobacterium and Legionellales were
detected in biofilm and water, and family Rickettsiaceae was
identified as a member of the core community. Individual
species within these classifications (and others, including
Sphingomonas) may harbor opportunistic pathogens. While
this supports previous suggestions that biofilm could be a
reservoir for these bacteria,® it is important to consider that
the approach used in this study is neither able to determine
which bacteria are alive or dead, nor represent absolute
quantification of any taxa resolved to species identity.
Mycobacterium has been observed in chloraminated DWDS
biofilms®*®® and bulk water in chlorinated and
chloraminated DWDSs"® although risk of infection has not
been associated with chloraminated DWDS.”” Mycobacterium
is known to be resistant to many disinfection methods,*®
including ultraviolet (UV) disinfection,” which the DWTP in
this study is using. Legionella has been detected in pipe
biofilms®® and also in bulk water both in chlorinated and
chloraminated DWDSs,”® due in part to their ability to live
within  protozoa.®’ Dynamics in Mycobacterium and
Legionellales showed elevated relative abundances during
summer (Fig. 6) likely due to increased temperatures. At BF1,
the relative abundance of ASV Legionellales 174 was higher in
the deep biofilm compared to the surface, but following UF
start, the relative abundance of this ASV was similar in both
surface and deep biofilm, and in lower abundance (relative to
the deep biofilm). This was also observed at BF1, although
this ASV was overall, less abundant (Fig. S14}). Rickettsiales
(ASV 229) also decreased in relative abundance in the deep
biofilm. This suggests that introduction of UF treatment may

This journal is © The Royal Society of Chemistry 2020
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cause some members of these taxa to either disappear from
the surface biofilm, or relocate from the deep to the surface
and detection of these same ASVs in the water following UF
start suggests they are released into the drinking water. While
the same was not observed for Mycobacterium, these changes
in location may not be specific to taxa including
opportunistic pathogens, but may be part of a general
remodeling of the deep biofilm following UF start. Overall,
the number of observed ASVs decreased with time in the
deep biofilm, reaching the same levels of abundance as in
the surface biofilm, in both BF1 and BF4 (Fig. 4).

5. Future outlook and conclusions

While biostability is currently defined as maintaining a
defined microbial water quality until the drinking water
reaches consumers,®® and “biologically stable water does not
promote the growth of microorganisms during its
distribution”,®® the current study, and others, suggest that
this definition must be reconsidered. The concept of
biostability could be revised to reflect natural dynamics in
the microbial community which do not compromise public
health.®* This new definition may be especially appropriate
when there are few cells in the water and a diverse pipe
biofilm, influenced by a number of operational parameters,
governs the microbial water quality throughout the DWDS.
This definition is needed in the context of DWTP with
advanced treatment chains, such as observed in the present
study, as well as in the context of water re-use, where
produced water can be virtually cell-free. This will require
significant efforts to understand how to monitor microbial
dynamics with moving baselines influenced by season,
residence times and other variables, while ensuring no
impact on consumer satisfaction and safety.

In addition, this study showed:

e UF with coagulation decreased the total cell
concentration in the DWDS bulk water and altered the
bacterial community composition in the pipe biofilm, but
this change did not result in any significant biofilm
detachment.

e Disinfection using monochloramine supports a high
relative abundance of nitrification bacteria in this pipe
biofilm, including Nitrosomonadaceae and Nitrospira. These
taxa adapted to the change instigated by UF start, while
retaining function, demonstrating functional redundancy in
situ by a diverse nitrifier community.

e The majority of nitrification in this DWDS was
performed by the pipe biofilm both before and after
installation of UF.

e Taxa that include possible opportunistic pathogens were
detected in the pipe biofilm and their location and
prevalence in the biofilm may be influenced by change to
distribution of ultrafiltered water, however additional
quantitative investigations are required to assess any changes
in risk to the consumer.
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