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Abstract

Worldwide, it is common that the drinking water tdisution systems (DWDSs) may be
subjected to changes of supply water quality dughéoneeds of upgrading the treatment
processes or switching the source water. Howekierpbtential impacts of quality changed
supply water on the stabilized ecological nichethiwi DWDSs and the associated water
quality deterioration risks were poorly documentéu.the present study, such transition
effects caused by changing the supply water qud#thit resulted from destabilization of
biofilm and loose deposits in DWDS were investigabg analyzing the physiochemical and
microbiological characteristics of suspended piagidbefore (§), during (T.weekd and after
upgrading the treatmentsg(fonthd in @an unchlorinated DWDS in the Netherlands. @sults
demonstrated that after 6 months’ time the upgradegtments significantly improved the
water quality. Remarkably, water quality detericmatwas observed at the initial stage when
the quality-improved treated water distributed itite network at Jeeks ObServed as a spike
of total suspended solids (TSS, 50-260%), activamnbss (ATP, 95-230%) and inorganic
elements (e.g. Mn, 130-250%). Furthermore, pyroseqgng results revealed sharp
differences in microbial community composition atdicture for the bacteria associated with
suspended particles betweeg and T.weeks Which re-stabilized after 6 months af bnths
The successful capture of transition effects wamea@ally confirmed by the domination of
Nitrospira spp. andPolaromonas spp. in the distribution system at..Eeks Which were
detected at rather low relative abundance at trewitrplant. Though the transitional effects
were captured, this study shows that the introdaabf softening and additional filtration did
not have an effect on the water quality for thestomer which improved considerably after 6-
months’ period. The methodology of monitoring suspedl particles with MuPFiSs and
additional analysis is capable of detecting tramsatl effects by monitoring the dynamics of

suspended particles and its physiochemical andolmmiogical compaosition.
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1. Introduction

Drinking water treatments remove contaminants prtese source water to make water
potable. In both developing and industrialized oradi a growing number of contaminants are
entering water supplies from human activity: fronathmgen/virus, heavy metals to
micropollutants (Shannon et al. 2008, Ternes et28l5). Consequently, public health,
environmental concerns and growing constraint timope the esthetical and comfort quality
for the consumers (e.g. drinking water without cimle taste and low in hardness) drive
efforts to further treat waters previously cons@declean, which has greatly promoted the
development of water treatment science and techgotwer past decades (Shannon et al.
2008). In practice, the developments have beensfoguon the upgrades of treatments and
improvements of supply water quality regarding pbgisemical and microbiological
parameters, e.g. the concentrations of elementga@sition, nutrients concentration, cell
number and microbial community (Liu et al. 2019niet al. 2018b). However, the quality-
changed drinking water still has to be deliveredustomers’ taps through the old distribution

systems in which biofilm and loose deposits havenbestablished for decades (Liu et al.

2013b).
In drinking water distribution systems (DWDSs), 098% of the total biomass was found to
be contributed by the bacteria accumulated withasé deposits and biofilm (Liu et al. 2014).

In particular, the biofilm in DWDSs has been widelgcumented because of its potential
health risks (Batté et al. 2003, Chaves SimbesSimibes 2013, Flemming et al. 2002, Van
Der Wende et al. 1989, Wingender and Flemming 2044 yeported, biofilm can be as much
as 16 CFU cm? (Batté et al. 2003), T6ells cm? (Lehtola et al. 2006) or £(pg ATP cnf

(Lehtola et al. 2006) depending on the measurinthoas. The presence of biofilm promoted
the deposition of elements such as manganese (Mhgalcium (Ca) in a distribution system

(Liu et al. 2017a, Sly et al. 1990). Similarly, @ deposits, reported to be reservoirs for
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inorganic elements, organic nutrients and baci{@guthier et al. 1999, Lehtola et al. 2004,
Liu et al. 2017a, Zacheus et al. 2001), can bawch as 24.5 g thin a full-scale distribution
system (Carriére et al. 2005) and harbor comparbinimass (671-3738 ng mATP) to

biofilm (534 + 23 ng it ATP) (Liu et al. 2014).

Under the regular water supply conditions, theranisquilibrium between the water and the
solid phases in the network (e.g. loose deposiisbanfiim). It is a common sense that water
quality may deteriorate during distributtothe extreme cases have been observed and
reported as dirty water (Sly et al. 1990) and dm@tion (Vreeburg and Boxall 2007, Xing et
al. 2018a). For distribution of quality-changed evathrough old pipes, the equilibrium will
be disturbed, and material harbored by distribupgres (e.g. pipe scales, biofilm and loose
deposits) will be destabilized and released intdewa&olumn which can be potentially
harmful (Feazel et al. 2009, Li et al. 2010, Liuadt 2017b, Torvinen et al. 2004). As
previously defined, such destabilization may be sedu by physiochemical and
microbiological water quality changes that break éistablished forces balance in pipe scales,
biofilm and loose deposits, such as physical ddstation (e.g. reducing the weight of
particles causing loose deposits resuspensioninichédestabilization (e.g. changes of pH,
redox and ion composition can remobilize contamtismi&@ound by pipe scales on metal pipes
via desorption and/or dissolution), and microbiatay destabilization (e.g. changes of
nutrients concentration and composition can inftgetne microbial community and function
in biofilm) (Liu et al. 2017b). It has been quaiad that the release of 20% of either biofilm
or loose deposits will cause significant changeth@anbulk water bacterial community (Liu et
al. 2017a). In practice, one example is the ocogeef red water in large areas of Beijing in
2008 when the city switched to better source watgrsported 1400 kilometers from southern
China, where increased sulfate in supply-water edusicrobial community composition

changes revealed by increase in sulfur oxidizingtdyéa, sulfate reducing bacteria and iron
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oxidizing bacteria and red water events associatéidl high iron concentrations (Li et al.

2010). Recently, in the Flint drinking water crigis Michigan, U.S., elevated blood lead
levels were detected in children after water soch@nges (Hanna-Attisha et al. 2016), which
has been attributed to the missing of orthophogphatrosion inhibitor and lead leaching

from the aging pipes into water column.

However, until now, our understanding of the wayeality deterioration risk associated with
biofilm and loose deposits destabilization in dttion systems during switching supply
water quality is limited. This has been mainly ibtited to the lack of accessibility of real
distribution systems for study (Berry et al. 20@8d the dilution effects of large volumes of
water that keep flowing through the system incregshe difficulty of detection (Liu et al.
2017b). The suspended particles, especially theceded bacteria, have been used to study
the effects of mixing water on bacterial commun{iyiu et al. 2016) and used as
SourceTracker to study the contribution of biofilseetachment and loose deposits
resuspension to the tap water bacteria (Liu eR@L8). To overcome the above-mentioned
difficulties, monitoring the variations of suspeddsolids characteristics can be used as an
indirect approach without deconstructing distribatipipes or interrupting water supply
services, while still being able to detect the gemnwith serious implications for health risks
and esthetical water quality. This study followelde tupgrade of treatments in an
unchlorinated drinking water supply system in thetlé¢rlands, monitored the suspended
solids in treated and distributed water beforg),(during (T.weeky and after the treatment
upgrade (§-monthg- The objective was to capture and study the piaterelease of elements
and biomass caused by biofilm and loose deposgabiéization subjected to the changes in
the supply water quality caused by the introductbnew softening and rapid sand filtration
steps (for example: decrease of hardness and siespearticle load) through monitoring and

characterizing suspended patrticles in the drinkimater leaves treatment plant and distributed
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water at the customers’ taps.

2. Material and Methods

2.1 Treatment plant and sampling locations

The drinking water treatment plant produces drigkiater from anoxic groundwater (3,8
Mm?3year). Before introducing new treatment stepstésifig, second rapid sand filtration
and adding carbon dioxide), the water was treajeddpation and rapid sand filtration before
being pumped into the distribution system. The damgplocations were selected at the
treatment plant before the water entered the Higion system (TP, Okm): locations at
customers’ taps at DS1 (5km to TP), DS2 (11km tg, &d DS3 (17km to TP). The
distribution networks in the study area is 110 mWMCRJ pipes (water main pipe). The
treatment processes and sampling locations agrdlied in Figure S1. The produced water

quality before and after treatment changes is gindrable 1.

2.2 Sampling of suspended solids

The suspended solids (SS) were sampled by mufigiicle filtration systems (MuPFiSs) as
previously described (Liu et al. 2013a). In shtitg system has four filtration lines in parallel
with water meters in each line to measure the velahwater flow filtrated. The SS were

sampled by filtering approximately 200 liters ofterathrough glass fiber filters (Whatman,

1822-047, 1.2 um) over a period of 3 hours undeiptassure (~2.0 bar). The filter pore size
was selected according to our previous study (ltiale2013a). Before each sampling, the
water tap was flushed until a constant temperastirthe tap to make sure the water from

distribution system was taken (~5mins for a typ@atch household).

The sampling of suspended solids was conducted tbvee time periods: before (1 month,
To, in March), during (at the®1 2" and & week immediately after the introduction of new
treatment steps,sleeks IN April), and stabilized after treatment upgrad@ months, dmonths

in October). Comply with the stable climate tempama in the three different sampling
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periods at the study area in the Netherlands,dh®erature in the distribution system were
also comparable (~ 11-T%). Therefore, the samples from both the sourcargtavater and

the distribution sites were not subjected to theepial influences of temperature fluctuations

from seasons.

For each period, triplicate samples were obtainetubning MuPFiSs on the same day of the
week for three consecutive weeks at all samplimgitions. For each run of MuPFiSs, four
filters were collected in parallel, three of whialere sent for TSS, elements and ATP/DNA
analysis, respectively. Thé'4ilter was set as back up in case of any filtevken during the
sampling. For Emonths the third time-sampling was contaminated, theeefogsults from
duplicate samples were presented. In total, 32 kmmyere collected for the whole period of
this study at each location (12 fromg, .2 from E.weeks 8 from Ts-mont), Which resulted in
128 filters from all locations (32*4=128). For egurameter of TSS, elements and ATP/DNA
sequencing, 32 filters have been analyzed. Everg,tivater samples were collected together

with the MuPFiS run from the nearest tap (32 watnples along with the filter samples).

2.3 Sample preparation

Four samples can be obtained by each MuPFiS rurliffarent analyses. The filters for
particle-associated bacteria analysis were inveatetdsubmerged into 5 ml of autoclaved tap
water with glass beads immediately after filtratidvs described previously (Liu et al. 2013a,
Liu et al. 2016), all of the samples were maintdiime a cooling box and transported to the
laboratory within 2 hours after samplintipe bacteria were detached from the particles by a
low energy ultrasonic treatment performed 3 tinfies2 min each (Branson ultrasonic water
bath, 43 kHz, 180W power output, 10L sonicationnchar). The obtained suspensions were
used for particle-associated bacteria (PAB) quiaatibn and DNA extraction. The other

filters were kept for total suspended solids (T&%) elemental composition analyses.

2.4 Sample analysis
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2.4.1 Total and volatile suspended solids analysis (TSS and VSS)

Suspended material is collected on the filter f@ssmmeasurement. Prior to filtration, filters
were pre-dried in the oven for two hours at 105G@avimetric analyses were conducted by
weighing the filters before and after filtratiorryohg at 105 °C), providing the TSS, and after
a second filtration (combusting in a muffle furnaae550°C) for two hours, providing the

VSS (American Water Works Association 1998).
2.4.2 Inductively coupled plasma-mass spectroscopy (ICP-MYS)

Concentrations of several elements in the samgserated using sequential extractions and
filtration experiments utilizing filters with vamg sizes, were determined by inductively
coupled plasma-mass spectroscopy (ICP-MS) (PenkieaEIELAN DRC-e ICP-MS). The
elements quantified in these measurements includaed(Fe), calcium (Ca), and manganese
(Mn). Quality control samples, including laboratdoytified blanks and laboratory-fortified
samples, were performed for every 10 samples ag@dlyxverage elemental recoveries ranged

from 85.2 to 92.8% for the laboratory-fortified sales.
2.4.3 Adenosinetriphosphate (ATP)

To study the biological properties of collectedmrsded solids (SS), the suspension obtained
after the above-described pre-treatment was aralgeeording to adenosine triphosphate
(ATP) content. The ATP of SS was defined as attch&P (A-ATP) and measured as
previously described (Liu et al. 2013a). In shdne released ATP from cells by nucleotide-
releasing buffer (NRB, Celsis) was measured by itliensity of the emitted light in a
luminometer (Celsis Advant®) calibrated with solutions of free ATP (Celsis)antoclaved

tap water following the procedure as given by tranuafacturer.
2.4.4 DNA extraction and 454 Pyrosequencing

DNA was extracted from the suspension using théDF& Spin Kit for Soil (Q-Biogene/MP
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Biomedicals, Solon, OH, USA) according to the mawtirer's instructions (Hwang et al.
2011, Tamaki et al. 2011) and was amplified witl Biacterium-specific forward primer 27F
and the reverse primer 534R (Hong et al. 2010). D#x&action were formed on unused
filters to be used as blank, none of which conthisefficient DNA performing downstream
sequencing analysis. The 454 pyrosequencing wderpexd with a 454 Life Sciences GS
FLX series genome sequencer (Roche, Switzerlanidg. dbtained DNA sequences were

deposited in the DDBJ sequence read archive (Amzesiimber: PRINA498802).

2.4.5 Sequencing data processing

The sequences generated from pyrosequencing weregsed by removing low quality
sequence ends (threshold: Q=20), primers, andetorgl UCHIME software was used to
identify and remove chimeras (Edgar et al. 201T)erivards, the sequences were trimmed,
resulting in an average sequence length of 230rbp.merged alignments of the sequences
were obtained via the infernal aligner from the d®ibmal Database Project (RDP)
pyrosequencing pipeline (http://pyro.cme.msu.edufl the NAST alignment tool from
Greengenes, based on the software developed Bidtechnology Center at the University
of lllinois (Ul) (http://acai.igb.uiuc.edu/bio/meggnast-infernal.html). The RDP Classifier
was used for the taxonomical assignments of thgnedl 454 pyrosequences at the 97%
sequence similarity cut-off. The total PAB commigstfrom the different sampling points
were analyzed for the number of operational taxanamits (OTUS), species richness, and
biodiversity using the Quantitative Insights INTOidwbbial Ecology (QIIME) program

(Caporaso et al. 2010).

Core OTUs were defined as the OTUs with a cutoffethtive abundance (>1%) in each
sampling period. The core genus is defined cormedgd to taxonomy information of the core
OTUs. Alpha-diversity indices were calculated basedhe rarefied OTU table at a depth of

5000 sequences per sample (rarefaction analys$d. dversity comparison was calculated at
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sequence depth of 1046, which could cover all #gpuenced samples. The unweighted and
weighted UniFrac distance matrices were construitted the phylogenetic tree and used to
conduct the principal coordinate analyses (PCoA)guR vegan package (Noyce et al. 2016).
Venn diagrams were drawn using R VennDiagram packagnalyze overlapped and unique
OTUs among different sampling locations at eachpsiag period (Chen and Boutros 2011).

Heatmap was implemented by R heatmap packagesdRoIt3).
2.4.6 Statistically analysis

Different statistical tools were applied using Pastl R (vegan package), including: 1) one-
way analysis of variance (ANOVA) tests to determthe significance of differences on
physicochemical and microbiologicglarameters; 2) one-way permutational analysis of
variance (PERMANOVA) based on Bray-Curtis simikambatrices to test the significance of
differences regarding the beta diversity of baaterommunities (Anderson and Walsh 2013).

The differences were considered significant whenpttvalue was lower than 0.05 (P < 0.05).

3. Results

3.1 Water quality improvements

Generally, the water quality clearly improved aftgograding the treatments (Table 1):
turbidity removal improved by more than 50% (P €9), meanwhile 15%, 35% (P < 0.05),
and 7% more TOC, Ca and Mg were further removeshaetively. The N&f, Fe and Mn that

were detected before were under the detection kftér upgraded treatments (P < 0.05).
About 20% extra active biomass reduction (P < .85)quantified by both ATP and TCC,
was achieved by the introduction of additional tmeents. A stable pH was maintained by
CO, dosing. Thus, the most noticeable water qualitpromement is the Ca concentration

reduction.

3.2 Suspended particles

In this drinking water supply system, up to 40fg’BS was detected (Figure 1). The value of
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TSS at the treatment plant decreased slightly aftesducing the additional treatments;(T
weeks DY 11%, P>0.05). Another significant decrease fugther achieved when the additional
treatments were applied for 6 months_{&nms by 91%, P<0.05). During the distribution of
water under the regular conditions a The TSS decreased along the distribution network
from treatment plant (~40ud) to DS3 (~10pg1). After introducing additional treatments,
although TSS reduction was achieved after 6 moaitlise three locations in the distribution
system (at Emonths DY 3-13% comparing to o] P<0.05). At B.weeks the TSS levels were
comparable between treatment plants and distribgites, while at dmontnsthe TSS levels
increased slightly from treatment plant to disttibn sites (not significant, P>0.05). A
remarkable initial increase was observed duringsthiéching of the supply water quality (at
Ts-weeks DY 50-260% comparing too,I P<0.05). Based on the change of TSS at the same
locations in time one could see an increasesakekscompared to § which might indicate
remobilization of TSS from the network due to dbsization processes. Looking into the
fractions of TSS (FSS and VSS, Figure 1), it isepbad that the VSS atyBnd TB.weeksWas
higher than the concentration of VSS afdnns at the treatment plant. Meanwhile, in
distribution system the VSS fraction af,EeksiS higher than at gfand T-monthsindicating the
biological nature of destabilization and remobiiiaa of suspended solids during the

transitional period.

Consistent with the observations on TSS changeseldmental analysis showed the same
decrease along distribution system under regudrildlition conditions atf(sum of Fe, Mn
and Ca, showed as concentrations for each elemdfigure 2). The elemental composition
results revealed that the decreased TSS may teldite decrease of Fe from treatment plant
to DS3, where Ca and Mn remained the similar camagons. During the introduction of
additional treatments gleeky, there was no significant changes regarding dmeentrations

of Fe, Ca, and Mn at treatment plant, where allceatrations decreased significantly gt T
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months (P<0.05). In the distribution system, clear immments were observed as decrease of
Fe, Mn and Ca concentrations at all distributidessat E-monthsafter 6 months operation of
introduced treatments. Similar as observed @tal Ts-months CONCeNtrations of Fe decreased
while the concentrations of Mn and Ca remainedlamifom treatment plant to locations in
distribution system. In the distribution systemTateeksMn increased by 130-250% when Fe
and Ca remained stable. Especially at DS1, the bhcentration was more than 3 times
higher than at treatment plant but decreased tsithigar concentrations as treatment plant at
DS2 and DS3, which were still much higher than Mnaentration at the same location gt T

and Te-months

3.3 Quantification of suspended particle-associated bacteria (A-ATP)

The active biomass associated with suspended seéds measured by ATP and represented
as attached ATP (A-ATP) per mass of suspendedss@tig mg") (Figure 3). The A-ATP
concentration increased during distribution atttiree time slots. However, a§-Jeeks(shortly
after treatment adaption) the initial A-ATP incredsat the treatment and subsequently the
increase of A-ATP was significantly higher compatedly and T-months Generally, A-ATP
initially increased at Feeks (by 95-230% compared tog)land then decreased a-nfonths
below its original values (by 25-46% compared . Regardless of the sampling period, it
was observed that the further going into the distron system, the higher the A-ATP of the
suspended solids. At the treatment plant, the dwog A-ATP in time (§, Ts.weeksand T.
monthg Were different from observations on TSS thatAR&TP already showed an increase at
Ts.weeksWhen TSS slightly decreased (not significant). M/hihe changes of A-ATP at the
distribution sites were consistent with that of T3% space, the constant and significant
increases of A-ATP from treatment plant to disttibn sites were also different from the

changes of TSS, which was especially true for tteeovations at o

3.4 Communities of bacteria associated with suspended particles
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In total, 148,922 16S rRNA pyrosequences were nbthand further assigned as 4918 OTUs
based on a similarity cutoff of 97%. The rarefacticurve reached a plateau after 5000
sequence reads were obtained, indicating that énsaigple coverage was obtained for most
of the samples (Figure S2). The obtained sequenees assigned to 20 phyla (Figure S3).
Proteobacteria was the most abundant phylum, which accounted4®03% of the total
OTUs across all samples. WithinProteobacteria, Alphaproteobacteria (4-78%),
Gammaproteobacteria (4-53%) andBetaproteobacteria (1-41%) were the most abundant
classes. At the genus level, the detected OTUs merely composed ofphingomonas spp.
(0-43%), Polaromonas spp. (0-35%),Legionella spp. (0-29%),Nitrospira spp. (0-27%),

Sphingobium spp. (0-22%) an&seudomonas spp. (0-21%) (Figure 4).

At T before upgrading the treatmerfe]aromonas spp. (35%) ané&seudomonas spp. (21%)
were the most abundant genera at the treatment. @lae microbial community remained
relatively stable during distribution, within whidlethylosinus spp. (6-10%) was the main
member. When it comes to the core OTUs (define@Bds with relative abundance greater
than 1%), 23 OTUs were found across all samplesogrthe core OTUs at DS1, DS2 and
DS3, 9/17, 10/17 and 9/18 OTUs were present, réspbg in the treated water (11 core
OTUs) (Figure S4a). In the distribution system,1¥4¢ore OTUs were shared by all locations

(DS1, DS2 and DS3).

In contrast, at Tyeeks during the treatment upgradinigegionella spp. (28%) was the most
abundant genus at the treatment plant. CompariisgtéhT,, the microbial community of
suspended particle-associated bacteria in theilistn system showed a wider variation
(Figure 4).Nitrospira spp. (27%)Legionella spp. (29%) andPolaromonas spp. (31%) were
the dominating genera at DS1, DS2 and DS3, rey¢tiFigure 4). In total, 33 core OTUs

were found in all samples, among which 6/18, 12fé 5/17 core OTUs at DS1, DS2 and
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DS3 were present at the treatment plant (15 corgd<pTFigure S4b). However, only 7/17

core OTUs were shared by the three locations.

At Te-months phingomonas spp. (43%) andphingobium spp. (22%) were dominant at the
treatment plant. Compared ta.Jeeks the bacterial communities became relatively stalfler

6 months’ operation of the upgraded treatmentsufeigd and Figure 5). Among the 3
locations, Sphingomonas spp. (17-23%) was the main member, excdphetobacter spp.
(38%) accounted for the highest abundance at D88ailing the core OTUs, 23 core OTUs
were found in all samples, 11/19, 9/13 and 6/8 @F&Js at DS1, DS2 and DS3 were present
at treatment plant (11 core OTUSs), respectivelgifeé S4c). Moreover, 6 core OTUs were

shared by the three locations in the distributigstesm (average 13 core OTUS).

The principal coordinates analysis (PCoA), usingieighted and weighted UniFrac distance,
showed clear differences among the three periods, dfz-weeks@Nd T-months(PERMANOVA,
F=9.643, P=0.001), which fell into three clustdfgy(ire 5 and Figure S6). The cluster @f T
months ShOwed an undeniable distance from the other tugtars (Bo-r3-weeks0.34+0.06, Bo.
T6-months0.47£0.05, R3.weeks-T6-monttis0.47+0.05). Noticeably, the communities of baeteri
associated with suspended particles at the treatpt@mt at § were similar to that of Jyeeks
(PERMANOVA, F=22.71, P>0.100), which were signifitiy different from those of dmonths
(PERMANOVA, F=18.06, P=0.003). Moreover, across ttmee locations in the distribution
system, high similarity was found for bacterial coomities before treatment upgrades @t T
(PERMANOVA, F=2.002, P>0.05) and 6 months afteratinreent upgrades atgfonths
(PERMANOVA, F=1.671, P>0.05), while sharp variasomere observed right after treatment

upgrading at Tweeks(PERMANOVA, F=8.381, P=0.003, Figure 4 and Fighye
4. Discussion

From a long perspective, in this case after 6 ngnthe upgrading of treatments clearly
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improved the water quality. However, it is impottém notice the so-called transition effects
during the initial stage of switching (i.e. duritte first 3 weeks), which is defined as water
guality deterioration caused by the physiochemaca microbiological characteristic changes
of the supply water quality (Liu et al. 2017b, Wuat 2015). For the very first time, this

study captured the effects of changing supply watedity on the water quality deterioration

indirectly through studying the suspended partidesr three periods: gl{before upgrade

treatments), Jweeks(during upgrade treatments) angnbnins(after upgrade treatments).

4.1 Ty suspended particles from treatment plant settled during distribution

Comparing the suspended particle-associated bac{PAB) at the treatment plant and
distribution sites, the sharing of core memberdhip to 75%) and high similarity of the
bacterial community (PCoA, Figure 5) revealed tinatler regular operation at the PAB
present in the distribution system mainly origimafeom the PAB in the treated water. This
finding is consistent with our previous studiestle Dutch unchlorinated drinking water
supply system that assessed the formation of diftaniches in the distribution system (Liu et
al. 2014) and the origin of bacteria in drinkingtera(Liu et al. 2018), illustrating that the
suspended particles in the distribution systemparé of the suspended particles entering and
flowing through the distribution networks. Meanvehilthe total suspended solids (TSS)
decreased from the treatment plant along the distan the distribution system. This
indicated that the suspended solids (SS) in thedadewater entering the distribution system
partly settled in the network because of the pratipn of metal oxides or calcium
carbonates, post-flocculation or biological growhht led to particle aggregation (Gauthier et
al. 1999). The elemental composition results reackhe possible precipitation of Fe and Mn
by a decrease in Fe and Mn concentrations, whdeAHATP results revealed the possible
biological growth by an increase of ATP when goingher into the distribution system from

treatment plant to DS3.
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4.2 Taweeks: Changing supply water quality and transition effects

During changes to the supply water quality (dekd, previously reported discolored water
events (Li et al. 2010) and public health probl€rianna-Attisha et al. 2016) were not found
in the present study. The transition effects caumiethe changing of supply water quality and
the destabilization of established physiochemical aicrobiological equilibrium in DWDS
were captured by monitoring the pre-concentratspesnded solids. Regarding the timeline of
destabilization, it happened right after the introibn of the new treatments (withir'1

week), which lasted three weeks or longer.
4.2.1. Physicochemical deterioration

At Ts.weeks after introducing upgraded treatments, one of dearcimprovements was the
decreased TSS at the treatment plant comparedetd 35 at §. At Ts.weeks When there is
slightly less TSS entering the distribution systéns remarkable to observe that more TSS
were collected in the distribution system compa@d SS collected at o] suggesting the
potential contribution of suspended particles rededrom the distribution system. Such
release of suspended particles may come from dizstibn of biofilm, loose deposits or
pipe scales caused by changes in the water chasticte (Liu et al. 2017b, Makris et al.
2014). The loss of clear trend of TSS in space ftomatment plant to DS3 and the large
variations of TSS values measured at each disioibgite at B.weeksmight be caused by the
destabilization of uneven distributed loose degositd biofilm in the network and the

variable local hydraulics (Douterelo et al. 201Ry &t al. 2014).

Regarding the chemical parameters, the same tesdem for the TSS was observed for Mn:
less particulate Mn entered the distribution systeut a dramatic increase in particulate Mn
was observed in the distribution system at,ebks cOmpared to at o (especially at DS1).

Together, the increase of TSS and particulate Mimendistribution system indicates that the

release of suspended particles from the distributsystem likely comes from the
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resuspension of loose deposits and/or the detachafidmofiim, as previous studies have
found that loose deposits and biofilms were hotsgot Mn accumulation (Cerrato et al.

2006, Liu et al. 2017a).
4.2.2 Microbiological deterioration

At each location in the distribution system, thedAP was much higher atsT,eeksthan at T,
which is consistent with the observation on VS®n@senting biological particulates, Figure
1) and Mn, as mentioned above. However, becausA-thEP at the treatment plant was also
increased due to the destabilization of treatm@ntg last step sand filtration), it is difficudt t
distinguish the observed increases of A-ATP atribhistion sites at TeeksWere caused by
either higher A-ATP in the treated water or theaske of A-ATP from the distribution system.
The latter should be the case because the commointigcteria associated with suspended
particles at the treatment plant remained verylaimo To both of which may originate from
the release of particles from the last step salidrdj but the increased A-ATP in the
distribution system has a totally different comntyompared to that of o)T[(PCOA clusters,
Figure 5, P<0.05), which contributed by the relezidgiomass from loose deposits or biofilm.
This can also be supported by the fact thegfionella spp., which was commonly detected in
drinking water biofilms (Richards et al. 2015, Rigdiez-Martinez et al. 2015), was most
abundant in the treated water at\leks Regarding the increase of A-ATP at the treatment
plant, most likely it was caused by biomass detastinfrom the sand filters during the
application of new treatments (Pinto et al. 201&hile, the high similarity among bacterial
communities does not mean no changes on the atermmunity composition, because the
changes of certain member (OTUSs) in the communightmot be revealed by the similarity

analysis of PCoA (Legendre and Anderson 1999).

The community of suspended patrticle-associatedebacacross different locations clustered

together demonstrated stable microbial communitgpmmsition and structure at.THowever,



432  at Ts.weeks the observation of different dominant genera tneddissimilarity across different
433 locations in the distribution system, especiallg tfissimilarity observed for each location
434  between § and Th.weeks indicated the occurrence of pronounced disturbaibegause of the
435 distribution of quality-improved water. This is laese the microbial communities in drinking
436 water are sensitive to water quality changes (isinfectants, nutrients concentration and
437 composition), which inducing different selectionegsures on microbial population and
438 community diversification (Gomez-Alvarez et al.,18). For example, in cases of water
439 quality improvements (e.g. AOC reduction), the bgital activity in the water and the
440  Dbiofilm will decreasgVan der Kooij, 1992; Van der Wielen and Van der Kooij, 2010; Liu et
441 al., 2013b). As a result, the biomass and EPS ptaauwill be reduced which will lead to a
442  reduction of the bio-adhesion to the attached saréad cause the release of biofilm into bulk
443  water (Liu et al., 2017). Such release of biofilmoi drinking water can be problematic, since

444  Dbiofilm is reservoir for pathogens in drinking wat@vingender and Flemming 2011).

445  Although the loose deposits and biofilm samplingwat included in this study, the changes
446 in core community members ag.Jeeksgives a possible indication for the destabilizatod

447 DWDS microbial ecology (e.gLegionella spp. Polaromonas spp. andNitrospira spp.).
448 Legionella spp. was commonly detected in drinking water biwdi (Richards et al. 2015,
449 Rodriguez-Martinez et al. 2015), the increasedmratative abundance and A-ATP atleks
450 indicates the possible release of biofilm from diribution system into bulk water subjected
451 to the changes in supply water qualitggionella spp., a member of this genus widely known
452  to be an opportunistic pathogen (Legionella pneumphila) (Falkinham et al. 2015, Richards
453 et al. 2015), however, the detectionLefjionella spp. at the genus level does not indicate bio-
454  safety problems, especially in the case in thén&l&nds, because the detected member may
455 not be the pathogenic species as scanned earlidutich drinking water systems (van der

456  Wielen and van der Kooij 2013).
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Polaromonas spp. have been widely observed in ultraoligottopreshwater environments
(Magic-Knezev et al. 2009). AtpIPolaromonas spp. was detected in high abundance (35%)
at the treatment plant, while they decreased tovbé% in the distribution system. Our
previous study of the Dutch unchlorinated drinkingter system found thd&olaromonas
spp. in bulk water, in which study it is also fouthetPolaromonas spp. was detected in loose
deposits (sampled by flushing distribution pipesotigh hydrant), but not in pipe wall
biofilms in terms of core genus (Liu et al. 201¥Yhen it comes to 3lyeeks the relative
abundance oPolaromonas spp. lessened (2%) at the treatment plant, butrmash greater
(2-31%) in the distribution system compared tg (€specially at DS3), confirming the
potential contribution/release of loose depositsh® increase in TSS at the taps. Similarly,
Nitrospira spp., which accounted for an abundance in theildigion system at Fweeks
(especially at DS1), was only detected in looseodiép and suspended solids as core genus
(Liu et al. 2014), indicating the possible releaséoose deposits contributing to the increase

in TSS after introducing quality-improved supplytema

4.3 Temonths: Fe-stabilizing of DWDS microbial ecology

At Te-months after 6 months’ operation of the upgraded treats)ehe spike in TSS at eeks
faded away together with the related particulate Mrbidity, A-ATP and the sudden changes
in the community composition and structure. Compathe results from glyonthsto To, Clear
improvements were observed with the decrease in p&%culate Mn and A-ATP. The less
particle load entering distribution system will linthe accumulation of loose deposits in
distribution system, which will reduce the flushifigquency (Jan Vreeburg et al, 2008). The
achieved stable improvements, together with thblethacterial community associated with
particles from the treatment plant to the locatiaesoss the distribution systems, indicated
that the dependence among treatment plant andbdisbn sites and the stabilization of the

drinking water distribution system has been reldstiaed. It is known that the destabilization
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and re-stabilization of microbial ecology may takee (Allison and Martiny 2008, Liu et al.
2017Db), but no information is available from reates on how long it will take. Based on the
present study, it is clear that the destabilizatmocturred right after introducing new
treatments, lasting for more than three weeks. &\hié re-stabilization was achieved after 6
months, further investigation is needed to deteemwhether a shorter period for re-

stabilization can be achieved.

In contrast to the trend of TSS decrease alonglittances at of the TSS became slightly
higher while going further into the distributionstgm. The different trends observed may be
because of the better removal of particles afteoducing new treatments. When the particles
in the treated water reduced in size and numberdtminating process during distribution
was no longer particle sedimentation but the grgwoh attached bacteria on the suspended
particles (Liu et al. 2014). This is consistenthwiithe corresponding slight increase in A-ATP
and a similar community of suspended particle-dased bacteria from the treatment plant to

different sampling sites in the distribution system

At Temonthsin the re-stabilized water supply system, the top flominant genera became
Sphingomonas spp., Pseudomonas spp., Sphinobium spp., Sphingopyxis spp. and

Novosphingobium spp. (in descending order), all of which are comindound in drinking

water systems (Douterelo et al. 2017, Ling et @lL& Liu et al. 2014, Liu et al. 2016). The
different core genera can be explained by the meatrhents and different operations of the
treatment steps (filters) (Pinto et al. 2012), Wwhigrther indicate the possibility of managing
drinking water microbes through engineering appneac(Liu et al. 2018, Pinto et al. 2012,

Wang et al. 2013).

4.4 Capture and investigate transition effects through studying suspended solids
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Based on this study, the transitional effects ca&n denerally summarized as: 1) de-
stabilization: observed as a spike in the TSS aftgtching to upgraded treatments, which
might assomte with the release from biofilm and/or loose deposits in a distribution system; 2)

re-stabilization: observed as improvements aftegrajing the upgraded treatments for a
period of six months. Special attention should ivergyto the de-stabilization and release of
loose deposits and biofilm into bulk water becdosth niches are hotspots for heavy metals
and (opportunistic) pathogens (Torvinen et al. 2004ng et al. 2012). The analysis on
(opportunistic) pathogens was not included in stisdy, it is highly recommended to be

investigated in future studies.

Worldwide, changing supply water quality may catraasitional effects which could lead to
serious water quality problems: from an esthetialiy perspective (e.g. discoloration) to
biological and chemical safety issues (e.g. Pb lagglonnaires’ disease) (Liu et al. 2017b,
Zahran et al. 2018). Such transitional effects Wkesanore attention. Yet, there is no
methodology illustrating how the transition effectan be captured and investigated. The
present study demonstrated an indirect approachsthglying the physiochemical and
microbiological characteristics of suspended sabdsr the different periods ¢ Ts-weeksand
Te-monthg from treatment plant to distribution sites inudl 6cale drinking water supply system,
which successfully overcame the challenges of fib#dribution network accessibility (non-

destructive) and dilution effects (concentratedi @t al. 2017b).

From a broader perspective, this methodology camdspted and applied for transitional
effects evaluation in other drinking water suppiystems subjected to changes of either
source water or treatment processes. By characigrsispended particles in timeg(Tls.
weeks Te-monthy and space (from treatment plant to distributides3, the following critical
guestions that correlated with important drinkingtev quality issues for customers can be

answered:
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1) Whether transitional effects occur? Have the diation system loose deposits and
biofilm destabilized and released into bulk wated how much?

These questions can be answered by comparingddeofcsuspended particles (TSS).

2) What has been released into bulk water? Will thease lead to serious water quality
problems/risks (e.g. Pb, opportunistic pathogedg¥’ there any suggestions should be
given to water utility managers and/or customers?

These questions can be answered by analyzing taegel on physiochemical and
microbiological composition regarding the suspenpladicles.

3) Where the released TSS may originate from? Howldhbe problem be managed?
Finding the origin of released TSS will be very ongant for the utility to find proper
managing strategy to prevent unwanted water quphtyplems at customers’ taps. The
source of released TSS can be tracked using therldccommunity fingerprint by
SourceTracker method. We have demonstrated thécapph of SourceTracker method
to assess the origin of bacteria in distributiostegn and tap water in our early work (Liu
et al. 2018).

For future applications, it is recommended that nvhige distribution system is accessible,

studying the suspended solids generated by ddizsdinn together with the sampling of

loose deposits and biofilm from the target disttidau network. By such complete study, the
spiked TSS can be source tracked to its origingdba®m which the corresponding strategy can
be selected, such as flushing the distributionesyst the TSS originated from loose deposits,
or ice pigging if the TSS originated from pipe whibfilm. Another recommendation is that
the suspended solids should be monitored and sdroplene (online filtration every 1 hour,
or 2-3 hours), because both the quantity and ctersiics of suspended solids in the
distribution system are highly dependent on thedwyit conditions (Fish et al. 2017, Matsui

et al. 2007, Sekar et al. 2012). It has been redattat the diurnal hydraulic changes had
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significant effects on the bulk water bacterial coomity (Bautista-de Los Santos et al. 2016).
Besides, the obtained online results will be alleoffer high resolution background to
distinguish the irregular de-stabilization from wéy hydraulic disturbances. Considering the
non-periodic release of biofilm and loose deposits,online system will increase the success
rate and avoid the possibility of missing the reéeavents comparing to take suspended solids

samples offline.

5. Conclusions

Through characterizing the suspended particlesréefluring and after introducing additional
treatment steps, we have indirectly investigated tthnsitional effects at three locations in
field distribution network. The following conclusie were drawn from this study. Despite the
difficulties for conducting field studies, it is @uraged to have more sampling locations for a

global understanding throughout the network.

[] The water quality significantly improved after 6 ntles’ time operation of the additional
treatments;
Remarkably, temporarily water quality deteriorationth no consumers effect was
observed at the initial stage when the quality-iovpd treated water distributed into the
network at B.weeks ObServed as a spike of total suspended solidS,(58-260%), active
biomass (ATP, 95-230%) and inorganic elements {@rg.130-250%).
Pyrosequencing results revealed sharp differentesicrobial community composition
and structure for the bacteria associated withesudgd particles between &and B-weeks
which re-stabilized after 6 months atnonths
Though the transitional effects were captured, dtugly shows that the introduction of
softening and additional filtration did not have affect on water quality for the

consumer which improved considerably after 6-mdngpiesiod. The methodology of
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monitoring suspended particles with MuPFiSs anditmaél analysis is capable of
detecting transitional effects by monitoring thendsics of suspended particles and its

physiochemical and microbiological composition.
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Table:

Table 1: Water quality before and after changing the treatments

Beforetreatment changes

After treatment changes

Parameters
(Finished water, n=6) 3 weeks (n=6) 6 months (n=6)
Turbidity (NTU) 0.20 + 0.09 0.15 + 0.06 0.10 + 0.03
PH 7.41 +0.03 7.53 +0.04 7.65+0.02
ATP (ng I') 4.0%0.9 3.6 0.4 3.2+0.2
TCC (cells mt 1.6 x 16+ 1.5 x 1d 1.5x10+35x 12x10+4.1x 16
10°
TOC (mg 1 1.7+0.3 1.7+0.2 1.5+0.1
Ca (ug™ 84.1+2.8 78.4+0.8 55.2 +0.3
Mg (ug I 10.4+1.5 10.8 + 0.7 10.1 0.4
NH," (mg ') 0.04 +0.02 <0.01 <0.01
Fe (mg™ 0.012 + 0.004 <0.002 <0.002
Mn (mg I') 0.014 + 0.007 <0.005 <0.005
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761 Figure 1. Particle load before (To, black), during (Tzwexs, red) and after (Te.months, DIUE)
762  upgrading the treatments measured by total suspended solids (TSS), volatile suspended solids

763  (VSS) fromtreatment plant (TP) to distribution system (DSL, D2 and DS3).
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765 Figure 2. Elemental composition of suspended solids from treatment plant (TP) to locations
766 in distribution system (DSL, D2 and DS3) before (To, black), during (Tz.wees, red) and after

767  (Te-months: DIUE) Upgrading the treatments.
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Figure 3. Active biomass of suspended solids measured by ATP from treatment plant (TP) to
locations in distribution system (DSL, D2 and DS3) before (To, black), during (Tz.wexs, red)

and after (Te-months, DIUE) Upgrading the treatments.



Sphingopyxis spp. [ : : . . . @ ® ®
Sphingomonas spp. | - : . L] . . . .

Sphingobium spp. [ : : . : . ) I @

Pseudomonas spp. [ . L] ® L] [ @ ® e . [ ] ® .

Polaromonas spp. [ . L : [ ] [} ] ® ® . ® . . Relative abundance
Pedomicrobium spp. [ . . . [ ] ] . ) 0

10

Novosphingobium spp.

20
Nitrospira spp. @ o - ) . . [ ] L] - ® [ ] - O

Mycobacterium spp. [ : L4 L] : : [ ] : : : ' : : Q 30
Methylosinus spp. : . . : [ ] Q 40
Legionellaspp. @ . [ ] . . [ ] .
LCP-6spp. + @ [ ] ] . ® ° i Time
IHyphomicrobium spp. L] ® L] L] ® . TU
GIF 10 (order, unassigned genus) @ @ @ L @ o @ [ ) i . o T, ..
Gallionellaspp. - L] L] o . ’ L ’ ' ® Agimodtia
Crenothrix spp. [ L] [ ] ® 1] [} ® ] a2
BD7-3 (order, unassigned genus) @ ® ® L] ® L] ® L]
BD4-9 (class, unassigned genus) @ [ ® ® L] [ ] . .
Acinetobacter spp. s [ ] ‘ L
. . ! ! 1 . 1 ! 1 . .
0 3-weeks TG~momhs T(l 3-wecks T6~monﬂh 0 TSv\\'cck% T(w~111011||1.s T(J J-weeks T(v~|1|011flls
772 TP DS1 DS2 DS3

773  Figure 4. Genera that accounted for > 5% relative abundancein all sites from treatment plant (TP) to locations in distribution system (DS1, D2
774 and DS3) before (To, black), during (Ts.weeks, red) and after (Te-months, DIUE) Upgrading the treatments. Complete heatmap for all core genera

775  (>1%) isshown in Figure 5.
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777  Figure 5. PCoA based on weighted UniFrac distance for samples taken from treatment plant
778 (TP) to locations in distribution system (DS1, DS2 and DS3) before (T, black), during (Ts.
779  wexs ed) and after (Temonths, DIUE) Upgrading the treatments were included. The microbial
780 communities of PAB at treatment plant are indicated by open triangles. Communities of PAB

781  during distribution are marked by solid triangles (DSL), squares (DS2), and circles (DS3).



Highlights:

Trangition effects were captured at the initial stage of upgrading treatments (T z.yeexs)-
Transition effects were observed as a spike of TSS, ATP and inorganic elements.

Sharp differences in microbial community of suspended particles were observed between
To and T3 yeeks:

Re-stabilization established after 6 months operation of new treatments (T e-months)-

Transition effects can be captured and assessed by monitoring the suspended particles.
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