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ABSTRACT

Aims: To determine the spatial and temporal variabifitthe abundance, structure and
composition of planktonic bacterial assemblagespdaadnfrom a small looped water
distribution system and to interpret results wekpect to hydraulic conditions.

Methods and Results: Water samples were collected from five samplingpiso twice a day
at 6 and 9 am on a Monday (following low weekendhded) and a Wednesday (higher
midweek demand). All samples were fully compliamttwveurrent regulated parameter
standards. This study did not show obvious changbagterial abundance (DAPI count) or
community structure (DGGE analysis) with respeample site, hence to water age,
however, the study did showed temporal variabwitth respect to both sampling day and
sample time

Conclusions: Data suggests that variations in the bactersgrablages may be associated
with the local system hydraulics: the bacterial position and numbers, over short
durations, are governed by the interaction of thi& vater and the biofilm influenced by the
hydraulic conditions.

Significance and Impact of the Study: This study demonstrates general stability in exaak
abundance, community structure and compositionimvitie system studied. Trends and
patterns supporting the transfer of idealised wstdading to the real world were evident.
Ultimately, such work will help to safeguard po&llater quality, fundamental to public

health.

INTRODUCTION
Although modern water treatment systems continyopsbvide high quality, safe drinking
water, there are microorganisms that are resisbangactivation or disinfection processes that

survive and multiply within water distribution sgsts (WDS) (King et al. 1988;
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LeChevallieret al. 1996; Szewzylket al. 2000). There are also numerous theorised pathways
by which contaminants, including microorganisms) eater (Kirmeyeet al. 2001), colonise
and multiply within WDS. Microbiological problem&dt have been associated with WDS
include microbial regrowth (Camper, 2004; Reghal. 2003), biofilm formation (Emtiazst

al. 2004; Berryet al. 2006), microbial corrosion (Beech and Sunner, 2@04l the presence
of pathogens (Brettar and Hofle, 2008). Microbiggnowth and subsequent biofilm
formation can increase microbial loads in WDS eittne detachment of cells from biofilms
(LeChevallier, 1990; Tokajiaet al. 2005) and/or by acting as a reservoir (Mackawl.
1998; Blanchet al. 2007). The factors that have been associatedregffowth of bacteria in
WDS include temperature, water residence time (wafge), concentration of organic
compounds, residual disinfection concentration, disttibution system materials (Szewzyk
et al. 2000; LeChevallier, 1990; Percival and Walker, 2;99iquetteet al. 2001; Keinanemt

al. 2004). However, many of these studies used heambalised conditions and
consequently practicable, predictive understandofg the behaviour and impact of
microorganisms in real WDS remains limited. The anthis study therefore, was to
undertake field-based investigations into waterliggyain particular planktonic bacterial
water quality, to explore possible associationshwidcal hydraulic conditions and water

residence time.

Measurement of bacterial water quality

Regulatory assessment of microbiological loads atkdrg water within WDS in the UK
utilises culture-based approaches (APHA, 1989)caitpi utilising heterotrophic plate count
(HPC)-based approaches (Sartory, 2004). Howevisr nbw established that typically less
than 1% of the total number of bacterial cells tra present within environmental samples,

such as drinking water, are culturable (Amaeanal. 1995; Szewzyket al. 2000).
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Consequently, it is arguable and indeed likely tha# widespread use of cultivation
techniques limits our understanding of microbiateasblages present within WDS. For
example, Burtschest al. (2009) concluded that culture-based and cultadependent (e.g.
using molecular) methods could reveal completeffieint results when applied to WDS. In
particular they found that changes in the structfrbacterial communities, determined by
culture-independent methods, corresponded to tinsarpling, whereas in contrast, culture-
based analyses revealed spatial associations aéri@hccommunity structure within the
distribution system. Culture-independent technsg(eeg. a direct cell counting technique in
conjunction with a method that investigates commyusitructure and composition) are
however, becoming more common in studying microoigras in WDS for research
purposes, even if not for routine analysis (for egke Zacheus and Martikainen, 1995;
Schmeisseet al. 2003; Eichleret al. 2006; Obst and Schwarz, 2007; Kornghsl. 2009;
Poitelonet al. 2009; Revettat al. 2009; Deinest al. 2010). Such techniques can generate
new understanding of bacterial behaviour within WDth the potential to help ensure

public health.

Modelling water quality (and water age)

Potable water quality is generally defined in teraisphysical, chemical and biological
(including microbial) parameters. All these paraengtvary spatial and as a function of time.
The longer that water is left to react and interaithin the WDS, the greater the potential for
water quality change. This is due to reactions iwithe body of the water and at the interface
with the pipe surface and ancillary fitting andtéises. This fundamental association with
time has led to the suggestion that ‘water agelccba a useful first indicator or surrogate for

water quality (USEPA, 2002).
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Hydraulic network modelling software solves for flelocities, which together with data on
pipe lengths permits the determination of watendessce times. These parameters, in
combination with transport and tracking routinesalde the calculation of water age. Such
functionality can be extended to model substan@xip transformations. Rossman and
Boulos (1996) present the modelling approaches ammynapplied in WDS simulation
software, while EPANET MSX represents the latesteaech development (Uber, 2009).
However, application of substance specific watealitp functionality is generally not
practiced due to: incomplete understanding of tbactions and interactions occurring;
uncertainty of algorithms; parameters and theiuesl Hence, water age remains a feasible

and arguably potentially useful surrogate for wapgality, but only an indicative surrogate.

Despite known limitations, such as model and patameéncertainties, calibration methods
and error propagation (Kang al. (2009); Pasha and Lansey (2010) Boxaalbal. 2004;
Skipworth et al. 2002) water age is considered by many to be anpally useful first
indicator or surrogate for water quality. Howevbkere is a further complication with the
concept of water age as applied in 1D hydraulic fsodéost algorithms calculate water age
as a flow weighted mean value of merged flows paréicular location (Machedt al. 2009).
This is not intrinsically sensible for the surragatf age, where the characteristics of mixed
equal mass flow rates of 2- and 4-day old watematenecessarily those of 3-day-old water.
Machellet al. (2009) suggested and developed an improved watdelimg approach, which
provides site-specific profiles of water age (irthg both mean and maximum) for an entire
water distribution network. This modelling approashused in this paper to determine the

mean and maximum water age.

I mpact of water age and hydraulic conditions on bacterial water quality
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Previous studies have sought to explore the adswtibetween residence time and water
guality, and microbial quality specifically, withaxiable results. While studying the effects of
chlorine and residence time on the proportion (%ofuturable bacteria present either in
biofilms or in bulk water, Srinivasast al. (2008) found that as water residence times
increased (8.2, 12, 24 and 48 h), the percentadpaaitria in the bulk water also increased
(7, 37, 58 and 88%, respectively) in the presericehtorine (0.2 mgf). They also found
that increasing concentrations of chlorine decr@#ise percentage of bacteria within the bulk
water. Keindneret al. (2004) studied the microbial community structared biomass in
developing biofilms in two drinking water distribom systems as a function of water
residence time (ranging from 10 to 141 h). Thewsdwthat the microbial communities were
rather stable through the distribution system, tafing that water residence time had only
minor effects on the abundance of phospholipid/fattids (PLFAS) (an estimate for viable
microbial biomass). However, they also found tinat viable bacterial biomass did increase
with increasing water residence time in the WDSn@osely Kerneigt al. (1995) found that
water residence time, of up to 107 hours, did netha significant influence on bacterial
HPC densities within a WDS. However, they did fithdt bacterial HPC densities increased

significantly with passage through and elevatediszge times within reservoirs.

In addition to hydraulic conditions within a disttion system defining residence times,
research has suggested that the local hydraulidittams experienced by a given pipe will
impact upon the water quality at that point in fystem. Analyses of aesthetic factors such
as discoloration, in both the field and laboratdrgye shown the importance of pipe-specific
hydraulic conditions for material build up and sedpsent mobilisation (Boxall and Saul,

2005; Husbanet al. 2008; Husband and Boxall, 2010).
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It has also been recognized that hydraulic conastiplay an important role in biofilm
development and regrowth in water distribution eyst (Pedersen, 1990; Kedtral. 1999;
Batté et al. 2003; Manuelet al. 2007). Such studies have primarily been conduatsdg
bench-top reactor experiments, for example usingeased rotational speed to examine
biofilm ‘sloughing’ behaviour (Kerret al. 1999; Manuelet al. 2007). While such work
provides idealised understanding, the incomplepresentation of real system behaviour
limits application. LeChevalliegt al. (1987) found high HPC in drinking water after o
taps that were turned off overnight, while Drees&d97) reported favourable conditions for
bacterial growth and attachment to the pipe susfacean automated watering system when
the water usage and exchange rate was low. Inctdaslm formation in stagnant water,
has also been reported (Barnes and Caskey, 2008aréset al. 2003). However, their

studies were again conducted using culture-basgaaghes.

Research Questions

The aim of this research was to investigate spaimal temporal variability in planktonic
bacterial abundance, community structure and teecestion with hydraulic conditions, in
particular predicted water age, within a well definsingle pipe-material region of a WDS,
where the water travels a relatively short distamaeexperiences significant water aging and
mixing. The objective is to gain understanding loé inter-dependencies between bacterial
abundance, community structure and composition wegpect to varying water age and

hydraulic conditions in a controlled field enviroant.

MATERIALSAND METHODS

Site description
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This study focused on a confined, single pipe-netarea within a WDS with a dominant
user type providing defined demand patterns. Tloecehof system aimed to minimise, as far
as possible, the uncertainties arising from systesmplexity and model calibration
(in)accuracy. The WDS study site was identifiedssociation with a collaborating UK water
company and is shown in Figure 1. The site wascsadl to provide the required network
simplicity, consisting of single pipe material (higoressure polyethylene - HPPE), of
relatively short overall pipe length and consistéiaimeter, containing a single inlet but two
nested loops to provide an interesting range ofnggand mixing effects. Internal pipe
diameter from SP1 up to the turn towards SP2 isrtd4~260m), all other pipes are 99mm
internal diameter (~680m in total length). The egsis supplied with a complex and variable
blend of waters: upland with ferric sulphate, uplamith alum, and river with alum floc
based treatment trains. Importantly the site isam area dominated by light industry
providing a reliable and repeatable water usagepatwith a well defined morning peak (on
weekdays), reaching a maximum at 8 am, followetbbser, more constant day time use and
very low night time and weekend demand. There igp@aonanent flow meter specifically
associated with the study region, being part ofughmarger District Metered Area (DMA).
Temporary monitoring of the industrial users haevpusly been conducted, as part of field
testing for hydraulic model build and checked widtent billing data, confirming flow

pattern observations made here, this data is caesidenfidential and cannot be published.

Water age modelling

A recently built and pressure calibrated, 24 hauwedkday) hydraulic model in Aquis (7-

Technologies, www.7t.dk/products/aquis/index.asgpfjware was available for the WDS as
a whole. This model was extensively checked agailhstvailable data (including the flow

data noted above). It was not possible to condespoke local hydraulic calibration
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fieldwork. Fig. 2 shows the modelled flow rates each pipe at peak hour (8am) and
minimum hour (midnight) an order of magnitude cheamg flow rate can be seen in each
pipe. The WDS model was run, using the functiopal#scribed in Mache#t al. (2009), as

a cycled 24 hour extended period simulation for d@@s to provide stable water age values.
It should be noted that the model is for an idedliweek day and does not include the effects
of weekend usage. Hence the model is representatiieoth sampling days reported here,
but not for the prior weekend period. Stable, régdga mean and maximum age daily
patterns were established in the region of inteafisr around 8 days; however, day 19 is
reported herein, providing good confidence in maakediction stability without undue or
excessive computation. The simulations used tha s&ivice reservoir supplying the WDS
as the zero age reference, any complexities dudnaohydraulic regime of the service
reservoir are unknown and are not considered imtbdelling. There are no other service
reservoirs / storage facilities prior to the studgion. Mean age results for 00:00 after 20
days of simulations are shown for the study regnmoRig. 1. The calculated mean age at entry
to the study region was 57 hours while the maxinwams only slightly greater at 59 hours.
As observed in the overall distribution system latyahis similarity in mean and maximum
ages confirms minimal loops/mixing from the mairrveze reservoir prior to the study
region. However, it should be noted that the rasitda a complex mix of pipe materials and
conditions. To aid interpretation mean and max watges are quoted hereafter as 24 hour
average values of day 19 simulation results wilhesstated as relative to those at the entry

to the study region (first sampling point).

Sampling locations
Five sampling points (SP) were identified within thetwork based on the water age

calculations and mixing effects (Fig. 1). SP1 wasated on the main entering the study
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region, prior to the looped part of the system. 8R@ 3 are along the main flow route around
the system, with no mixing effects. Fig. 3 shows thaximum age profile calculated at the
start and end of the pipe length upstream of Sipéattern clearly shows the impact of the
previously described working day demand. The flowte SP1 to SP2 to SP3 provides for
exploration of ageing effects with no mixing. SPdsidocated at a ‘tidal’ or ‘balancing’ point
on one of the loops of the system, where flows rfreet two directions. Depending on the
exact time of day, model predictions were for thajanty (~80%) of the water being
younger, flowing via SP2, and the remainder beimgsaerably older, flowing via SP3. SP5
was at the extremity of the study area, receiviregmajority (~95%) of fairly young water
directly from SP1 but also a small component hayagsed around much of the other loops.
SP4 and SP5 were selected to provide interestingures of water age. The mean and

maximum ages for each SP relative to those at &Pdiwen in Table 1.

Water sampling

Sampling for this investigation was undertakenaat time points on two days, 6am and 9am
on Monday (day 1) and Wednesday (day 3). 6 amaadle was intended to provide samples
indicative of low flow conditions over night, whil@ am sampling was intended to capture
the effects immediately after the morning peakemdnd, such as mobilisation or sloughing
of biofilm. Similarly, sampling on Monday was inteedl to investigate conditions after
weekend low flow conditions (6 am sampling, in matar) while Wednesday would provide
an indication of more stable weekday conditionshibuld be noted that all sampling was of
the bulk water and hence all data relates to thieilmyosuspended phase. As with all buried,
active, pressurised pipe systems there is no yepdikticable available method to sample the

biofilm itself.

10
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In three sampling points (SP1, SP4, SP5) fire hydravere available to collect water
samples via a hydrant sampling tap. In SP3, thenvgtmples were collected via a stand pipe
attached to an industrial customer meter chambeésNMand in SP2 the samples were
collected via a tap installed in a meter pit chamf@eviously installed for demand
monitoring, but not currently in use). The samg@pst were flamed with a blow torch and
water run through for 1 minute prior to collectiohsamples, following standard procedure
for collecting drinking water samples (Rump, 199B9n litre water samples were collected
in triplicate using plastic containers from eacte sat each time point. The samples were
immediately stored in a mobile cooler, and returttethe laboratory within a maximum of 6
hours for further analysis, following the principlef MoDW Part 2 Sampling (the ‘blue
book’). This 6 hour constraint prohibited furthesngpling within a given day with the

resources available to the project.

Standard water quality analysis

Physical chemical and biological (including HPCalyses of the water samples were carried
out on site or at the water company's accreditdabriaory. Water temperature, pH,
conductivity, total and free chlorine, iron, alunum, and manganese concentrations and
HPC were measured as per standard methods (APHE®).1B accordance with usual UK
water industry practice no sample replicates wakert. This routine analysis did not include
nutrient parameters such as phosphate or nitrogecies. Available data, not reported here
for confidentiality reasons, from the associatetiment works and network as a whole are

within regulatory limits and around UK average levier the source water types.

Determination of bacterial water quality

11
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In order to meet the main aim of this study, baatesinalysis beyond current regulatory
driven practice was undertaken. Notably this asialys based on culture-independent

techniques.

Bacterial cell counts

For the direct counting method bacterial cell cewftthe water samples were determined by
staining the cells with fluorochrome 4’,6-Diamidi2ePhenylindole (DAPI) and imaging
with an epifluorescence microscope (APHA, 1989kyRnL of water samples were fixed in
2% (v/v) of formalin for 15 hours. Fixed samplesrevdiltered onto white polycarbonate
membrane filters (pore size 0.22 um, diameter 47 Mitipore Ltd., UK) and stored at -20
°C until further processing. The filters were catoi sections (ca. 1 cm cord length) and
stained with DAPI solution (1 pg i), washed twice with distilled water and finally steed
with 96% ethanol. Filter sections were then aiedrfor ten minutes and examined using an
Olympus DP71 epifluorescence microscope (Olympssegk, UK) equipped with a 100x oil
immersion objective lens. The DAPI stained cellgeveisualized using a mercury vapour
lamp and DAPI filter (U-MWUZ2- 330-385/420nm, exditan/emission) mounted on the
microscope. The images were captured using Celling software (Olympus Ltd., UK). A
total of 780 fields of view were acquired from tigate filter sections per sample and the
DAPI stained cells were counted. From the imagkermembrane filter areas, the totals cells
per filter was calculated and divided by the tetallume of sample to determine the cells per
mL of water. The variation in cell number with respto sampling locations, time points and
days were compared using univariate (1-way ANOVAJ anultivariate (2-way ANOVA)

analyses.

Bacterial community analysis using molecular techniques

12
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DNA extraction

Two litres of each water sample were filtered ominite polycarbonate membrane filters
(diameter 47mm, pore size 0.22 um, Millipore L1dK) and stored at -80 °C until further
processing. DNA was extracted from the membranerdilby cutting half of a filter into

small pieces and placing them into the bead saludfahe Ultraclean Soil DNA Isolation kit

(MO BIO, Carlsbad, U.S.A). DNA was extracted foliog the manufacturer’s protocol and

eluted in 30 ul of nuclease free water and visadlisn 1% (w/v) agarose gels.

PCR amplification of 16SrRNA genes

16S rRNA gene fragments were amplified by PCR ugimgers 338F and 530R (Whiteley
and Bailey, 2000). A GC-rich sequence (Muyetesl. 1993) was attached to the 5’ end of the
forward primer. Each PCR contained 5 pl of 10x RstiRer, 10 pl of Q-Solution, 200 uM of
each of the dNTPs, 0.3 uM of each primer, 2.5 Uraff DNA polymerase (Qiagen Ltd,
Crawley, UK) and 1 ul of template DNA and made apatvolume of 50 ul with sterile,
nuclease free water. An initial denaturation wasied out at 95 °C for 2 min, followed by
35 cycles of 95 °C for 1 min, 60 °C for 1 min, ar@l °C for 2 min, and a final extension at
72 °C for 12 min. To confirm the amplification ofNlA a positive controlE. coli MG1655,
was included. A negative (no-template) PCR contras used in order to ensure that there

was no DNA contamination.

Denaturing gradient gel electrophoresis (DGGE) analysis

DGGE analysis (Muyzeat al. 1993) was performed using the Bio-Rad DCode Syg&int
Rad, Hercules, CA, USA). PCR-amplified DNA produ6 to 30uL of product dependent
upon yield) were loaded onto 8% (w/v) polyacrylaegkls containing a denaturing gradient

ranging from 40 to 70% (80% denaturant consistedb.6f M urea and 32% (vol/vol)

13
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deionised formamide buffer using 1xTAE for electropdsis). Electrophoresis was
performed at 100 V at 60 °C for 16 h. Due to thenhar of samples several DGGE gels were
required to carry out the analysis. In order tonmalise for differences between gels a PCR
product from lab isolates was used as a markervenyegel (two outer lanes per gel).
Following electrophoresis, gels were stained wi¥BR-Gold (Invitrogen Ltd, Molecular
Probes, Paisley, UK) for 45 min in the dark andnsea with an EpiChemi Il Darkroom
imager (UVP Inc, Upland, CA, USA). The DGGE bandt@as were analyzed using
Quantity One software (Bio-Rad). Bray-Curtis simtlamatrices were calculated to compare
the bacterial community patterns in different sasplCluster analyses were done based on
the presence of shared bands using the group a&veéirdgng routine using Primer 6.0

software (Clarke and Gorley, 2006).

Excision and sequencing of DGGE bands

DGGE bands that were found commonly in all samplethe unique bands (found only in a
few samples) were excised from the gel, via purglout of a gel piece using sterile pipette
tips and then placed into 30 pl of sterile, nuaefase water and left overnight at 4 °C before
further processing. The eluted DNA was used tomeldy the DGGE band using the same
primers (338F and 530R) as described above, exadpho GC clamp. Each PCR contained
2 ul of eluted DNA prepared as mention above. Anahdenaturing step of 95 °C for 2 min
was followed by 30 cycles of 95 °C for 1 min, 85 for 1 min, and 72 °C for 2 min, with a
final extension step of 72 °C for 12 min. PCR pradduwere verified by agarose gel
electrophoresis along with DNA marker to confirne tlength of amplified fragment. The
PCR products were then purified using a QIAquickRP@urification kit (Qiagen Ltd,
Crawley, UK) and eluted with 30 ul of sterile, nem$e free water. Purified bands were

sequenced either with 338F or 530R primers usingABh 3730 DNA analyzer (Applied

14
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Biosystems, Foster city, CA). Sequences were editedassembled using BioEdit Sequence
Alignment Editor Program (Hall, 1999) and compat@@enBank using BLASTn to identify
their closest related sequences (Altsaudl. 1990). DNA sequences were deposited in the

GenBank database under accession numbers JQ2680Q268091.

RESULTS

Standard water quality analysis

The range of physico-chemical and microbiologicalgmeters measured using routinely
applied standard methods across the five sampbogtibns during the study period are
shown in Table 2. Turbidity and iron showed theagest variation across the sampling
locations. The turbidity values were higher at tawas SP4 and SP5 (maximum values of
1.61 and 1.31 NTU, respectively, only ~40% of tlerent PCV [prescribed concentration
value] of 4 NTU) when compared to the other thi@mations that had a maximum value of
0.29 NTU across all samples. Similarly, the ireameentration was higher at locations SP4
and SP5 (maximum concentration of 383 ftqhd 638 pgl, respectively, unlike turbidity
this is in excess of the current PCV despite beirg plastic pipe section of network) than at
all other locations (maximum concentration of 1881, approaching the current PCV of
200 pg ™. There were nothing particular of note at SPd Bnsuch as the condition of the
hydrant bowl, which would obviously have affectedbidity and iron levels. The free and
total chlorine concentrations were low across #maes, with free chlorine around detection
limits and total chlorine ranging from the detectigmit to 0.15 mg T. Although at low
levels, there is a factor of four variation in {otalorine, lower values tending to occur at
6am at all sample points (6am average of 0.08hwjth an standard deviation of 0.05 1y |
9am average of 0.12 mgWith a standard deviation of 0.03 mb.IThis could indicate more

reactions and interactions occurring overnight oauty the total chlorine in the water in the
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6am samples.

It should be noted that with the exception of iedrSP4 and 5 all parameters, including the
results for all microbial and indicator organismgre within regulatory limits, indicating that

this distribution system performs well from a Wzgulatory perspective.

Bacterial water quality

Bacterial abundance (cell counts)

In general, the total bacterial count using theuralindependent technique (DAPI) was 10
cells mi* higher in magnitude as compared to the 2 and 3HRg (Table 2) determined
using standard methods. Mean bacterial cell cowete determined for each day (day 1 and
day 3) and at each time point (6 am and 9 am) am@deh sampling point across the study
area with respect to the mean and maximum water(f@ige 4). Despite the selection of a
study region in which there was a significant ias® in water age, differences in bacterial
numbers at different sampling sites were not obsenveelation to variation in the mean or
maximum water age. Ignoring the more complex ‘mixagk’ sites (SP4 and 5), and
considering only sites SP1, 2 and 3, there wadew®r association between water age (mean
or maximum) and bacterial numbers either acrosdiffierent sampling days or times (Fig.
4a and b). Water samples collected from SP1 hagll@@unt ranging from 2.0 - 2.3 x 40
cells mI*, whereas samples from locations with high water\agaes, but no mixing (SP2
and 3) had mean bacterial numbers ranging from 2.8 x 1 cells mI* (Fig. 4a and b). The
sampling locations SP4 and SP5 contained water miked ages (26-106 and 15-115 h,
respectively) and bacterial numbers in those sasnpie in the range of 2.0 - 2.2 X*I@lls

mitand 1.6 - 2.7 x T0cells mI*, respectively.
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No obvious trend was detected with respect to samipe and hence water age, however
statistically significant but numerically small tporal variation (both day-to-day and
between samples taken at either 6am or 9am) wasnaus in bacterial abundance. Mean
bacterial numbers were higher on day 3 (P<0.006fjpared to day 1 at both 6 am and at 9
am (Fig. 4a and b). Mean bacterial numbers on denged from 2.2 to 2.8 x 1@ells mr*
compared to 1.6 to 2.2 x 16ells mi* on day 1. Mean bacterial numbers were also higher
9 am compared to 6 am on both day 1 (P<0.0001p112 x10 cells mi* at 6 am and 1.8 to
2.6x10 cells mi* at 9 am) and on day 3 (P<0.05; 2.0 to 2.75cHls mI* at 6 am and 2.3 to
2.8 x1d cells mi* at 9 am). For the individual sampling locationdfedence in bacterial
numbers between two time points on the same dag wleserved only in two locations (SP1

and SP5) and on day 1.

Bacterial community structure and composition

DGGE analysis of water distribution samples at 6aard 9 am on days 1 and 3 revealed a
highly consistent bacterial community structureg(Fs). The number of DGGE bands varied
between 10 and 13 depending on the sampling potday (day 1: 10 bands, day 3: 13
bands). No marked differences were found betweemm6and 9 am sampling at any
individual location. Figure 6 shows that the clusig of the DGGE bands was primarily with
respect to sampling day, i.e. <70% similarity betweommunities sampled on day 1 and day
3, rather than to sampling time (6 am or 9 am)ocation (SPs). The bacterial communities
within the majority of water samples collected ory dawere >70% similar to each other
(Fig. 6, cluster 1) whereas the communities in wagamples collected on day 3 were
subdivided into two clusters (Fig. 6, clusters Hhdalll) that shared 72% and 75%,
respectively, and additionally that these clustergealed short-term temporal variability

between the bacterial communities sampled on Ddy 8ontrast, the bacterial communities

17



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

sampled on day 1 did not show any differentiatiotinwespect to clustering between 6 and 9

am (Fig. 6, cluster ).

The DGGE bands representing dominant and/or unigprestituents of the community
profiles were excised and sequenced (Table 3). Swinug analysis (Table 3) showed that
bacteria closely related tNevskia sp. andEscherichia sp. were present at all sampling
locations on all days and at all time points sasp{€ig. 5). Sequences related to
Pseudomonas sp. andBosea spp. were found at all five sampling points, butrev not

identified at every site at every individual timeimt (Fig. 5). Sequences related to
Acinetobacter spp. and anothd?seudomonas sp. were found in only one sampling location

(SP2) on day 1 (6 and 9 am) (Fig. 5).

DISCUSSION

Variation in bacterial abundance and community structure

The present study did not reveal a significantti@heship between total bacterial numbers or
community composition and sample location, and &eoceither mean or maximum water
age (residence time). This contrasts with a prialtuce based (HPC) study of an
experimental pipe rig (Srinivasanal. 2008) that found an increasing percentage of bacte
in bulk water as water age increased. However fiadmgs are in agreement with those of
Kerneis et al. (1995) who studied a water distribution netwoglstem, again via HPC
analysis, and similarly found that water residetioe did not have a significant influence on
bacterial abundance. The lack of association witewage found here could be associated

with the study region selected. The WDS in our gtwds comprised of single material, short
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pipe lengths, but subject to significant residencees (Fig. 1 and Table 1). These
characteristics were selected to minimise uncdstaBnd complexity while providing
significant ageing and mixing effects. However, higsidence times and short distances
indicate significant periods of low flow conditianSuch prolonged periods of low flow
conditions could have had a dominant influence acrabial abundance (Dreeszen, 1997;
Barnes and Caskey, 2002; Tomaeaal. 2003). In addition, the data reveals that the tpofin
entry to the study region (SP1) had nearly as gaesariation in bacteria counts in the
mobile/suspended phase as occurred within the sagign (SP2, 3, 4 and 5). This suggests
that upstream effects (such as the complex anchlarimix of source water) could have
overshadowed net water quality changes during itréim®ugh the study area itself and/or
that daily or other cyclic behaviour within the armay have had a dominant effect upon

bacterial abundance.

In contrast to the lack of association with samipleation and hence water age, both total
bacteria numbers and community structure showerkledion with sampling day and to a
lesser extent to sampling time (i.e. 6 am vs. Qigs. 4 and 6). Previously, Burtschetial.
(2009) had shown temporal variability in bacter@@mmunity structure, albeit between
samples taken over one month apart. It is possitde the unique short-term changes in
bacterial abundance and community structure obdearveur study reflect variability in the
hydraulic conditions. The study region exclusivebrves light industry with well defined
daily demand patterns, predominately day time dmsrawith minimal activity over the
weekend. On day 1 (Monday), following prolonged I®w over the weekend, lower
bacterial abundance and the presence of a distauterial community was observed (Figs. 4
and 6), in comparison to day 3 (Wednesday). Therifice in bacterial community structure

observed on day 3 and the corresponding increas®tah bacterial numbers followed
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exposure to 2 days of active hydraulic conditioGtister analysis (Fig. 6) also revealed
clustering of communities on day 3, between comties\sampled at 6 am, after night time
low flow conditions, and at 9 am, after the mornipgak in demand, and were again
consistent to differences in bacterial abundancdayn3 at these time points. This pattern of
increased bacterial numbers and of community aigfdbetween 6 am and 9 am sampling
was also observed on day 1, but to a lesser exterg.apparent from the data that there is a
greater reduction in total numbers of mobile / susjed bacteria following the long duration
of low flow conditions at the weekend rather tharermight. Due to the long residence, or
transport times, between sites these variations tmeidue to local effects rather than an
artefact propagating through the system from upstresuch as overall variation in nutrient

levels, background phosphate levels or other factor

The cyclic behaviour of increasing and decreasiotplt numbers of bacteria and
corresponding community clustering with inferred@sation to hydraulic conditions is in
agreement with previous studies, particularly wheonsidering the wider potential
importance of interactions between biofilm and ftanic assemblages, such as biofilm
sloughing. Our dataset shows that the total numbérsuspended / mobile bacteria are
increased by hydraulically active conditions, agrgevith previous findings under idealised
flow conditions (van der Wendst al. 1989; LeChevallier 1990; Keet al. 1999; Tokajiaret

al. 2005; Manuekt al. 2007). Previously this behaviour has been assatiafth biofilm
detachment, sloughing or other mobilization, leadmghe suggesting that this may be the
case here as well. The reduced total numbers giesded / mobile bacterial following low
flow conditions (day 1) is also in accordance vathearlier study (Dreeszen, 1997) in which
low water usage and exchange rate provided favteu@mnditions for bacterial growth and

attachment to the pipe surfaces hence reducingledsispended phases. Similar low flow
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and enhanced biofilm growth was reported by LeClievat al. (1987); Barnes and Caskey,
2002; Tomaras (2003). In addition, our data sggests that changes in bacterial community
show some association with this cyclic variatiorbacterial abundance, suggesting that the
membership of the planktonic community is shiftingtween mobile and attached phases
following low flow and active hydraulic conditionsThis concept of cyclic behaviour in
association with hydraulic patterns is also analsgalthough opposite, to the iron corrosion
processes observed by Sméhal. (1999) in which soluble iron concentrations iraged in
the bulk water during low flow periods and then lgesd due to flushing effects during
demand hours due to corrosion processes. The gedgesbilisation of material from pipe
walls by increased hydraulic conditions is suppbidg discolouration related work in live

water distribution system (Boxall and Saul, 2005sband and Boxall, 2010).

Overall, these temporal patterns of bacterial abonoglaand community structure derived
from field samples within an operational water wlttion system can be inferred to suggest
a complex quantitatively- and qualitatively-dynanbacterial community influenced by
attachment of cells to pipes during low flow peri@asl subsequent cell mobilisation into the
suspended phase during active flowing periods. Mage such patterns will occur on a
weekly and daily basis: with a weekly trend fronolpnged low flows over the weekend
promoting enhanced bacterial attachment, and a de#hd for weaker possibly more
selective community attachment during night timev Ilow conditions that is readily
mobilised or sloughed by each morning peak in wakemand. Thus it seems that the
bacterial composition, over short durations, isegaed by the interaction of the bulk water
and the biofilm. Direct sampling of the attachedfibm was not possible due to the buried
and pressurised nature of active water distribusigstem. Further field sampling is required

to fully substantiate these observation.
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Composition of bacterial assemblages

Most of the bacteria identified within the presstudy (Acinetobacter, Nevskia, Escherichia,
Pseudomonas) belonged to the Gammaproteobacteria exddpsea sp., which is an
Alphaproteobacteria. While studying changes in dxaat community within an urban water
distribution system in Greece, Kormetsal. (2009) found, via molecular analysis, that the
water samples collected from pumping wells and watsatment tank were dominated by
Betaproteobacteria whereas household waters wemandted by Actinobacteria. In the
present study, sequences closely relatddetekia sp. andescherichia sp. were found at all
sampling locations on both days and time pointsn&m®en-Toivolaet al. (2006) reported that
Nevskia ramosa was the dominant (53.8%) bacterial species presentinvighbiofilm that
developed in a model drinking water system. Thegmee ofNevskia sp. and\. ramosa in
drinking water has also been reported in otheristu(Revettaet al. 2009; Williamset al.
2004). Similarly, the presence &t coli in drinking water and biofilm samples has been
previously reported (Blanckt al. 2007; Juhnat al. 2007; Liuet al. 2008). For example,
Juhnaet al. (2007) detectedt. coli in biofilms taken from drinking water distributiqmpes
and coupons. It should be noted that there are raumestrains oE. coli, and that not alE.

coli are pathogenic. It should also be noted that tdesections are by culture independent
method, so it is not clear whether the bacterieatet are viable or not and thatBaeoli or

coliforms were detected by culture dependent methods

Sequences related Rseudomonas spp. andBosea spp. were found in all locations and on
both days, but not at every time point sampled @&). Bacteria such ak. coli and
Pseudomonas spp. have been listed as commonly found speciésimking water, via HPC

analysis (Burtscheet al. 2009; Allenet al. 2004). The presence &osea sp. in drinking
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water network has also been reported previouslpifidset al. 2007) and members of this
genus have been found to be resistant to decontaamn@aocedures used for drinking water
purification (Rapalaet al. 2006). In the present study, sequences relatetitetobacter
were found in only one sampling location (SP2) @y d (6 and 9 am). The presence of
Acinetobacter spp. has been previously reported in drinking watel in a water distribution

network in Portugal (Simoes al. 2007) and in Greece (Kormaisal. 2009), respectively.

Whilst this study has identified various bactersabaing present within the WDS sampled, it
is recognized that the methods utilised herein hexedemonstrated viability of particular
species or quantified their prevalence. Treatmemtgases will physically remowe coli and
other bacterial species via clarification and dilion and many bacteria will be killed via
chlorination (or other disinfection), hence ba@eresent in treated water may not be viable.
Hence, using the available techniques it is notsipdes to confidently determine whether

living cells as opposed to inactivated or dead dr@a® been detected.

The system studied here is operated in a normal enaisnconstructed of approved material
and supplied with ‘compliant’ source water. Yee ttulture-independent methods indicate
three orders of magnitude more bacteria than usittgre based methods. This is not cause
for any action, compliance and public health rskot compromised nor risk increased. The
data demonstrates the complexity of the bactewahmunities present in WDS. Greater
future application of such techniques could helppriove our understanding of the
associations between bacteria, infrastructure #haandition, operation and maintenance
practices and safeguarding public health. Intargsknowledge could be gained from
consistent international comparison, for instandeiragy valuable information on the effects

of disinfection regimes, such as different, andnewe, chlorine residual.
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Operational engineering overview

Cyclic patterns in bacteria numbers and in thecttne of bacterial communities in WDS
have been observed in this study and associatidh fwdraulic conditions inferred.
Sequence analysis has identified several bactspedies to be present within the system that
have similarly been found within prior studies ofi@t operational WDS and/or model WDS
systems. It should also be noted that all regujgtlgsical, chemical (with the exception of
iron) and microbiological parameters were withinreat PCV. From this it can be inferred
that the presence of a diverse community of badtsepecies within WDS is inevitable, but

that the presence of bacteria does not necessariltitute a health or other risk in itself.

System hydraulics are a factor that can be coettoind managed within WDS, through
operational decisions, such as the control of fftoutes through valve operations, and hence
hydraulics can potentially be managed, such asugfirdhe use of network simulation and
design tools (Prasad and Walters, 2006). Consedgueinbm the association between
hydraulic conditions and the potential for bacteasachment and mobilisation, suggested
from our field data set and shown by previous &sidinder idealised bench top laboratory
conditions, it may be possible in the future theg &bundance, structure and composition of
WDS bacterial communities could be indirectly cotied and managed. Understanding of
the complex bacterial communities within WDS, ahd environmental factors that control
bacterial cell attachment and detachment, withal Y¢DS could ultimately provide useful

knowledge for systems management and further uatider field conditions are desirable.

Summary
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Bacterial abundance, community structure and composvere studied for a short period in
a small, well-defined region of a drinking watestdibution system in England, UK. It should
be noted that all sample results were fully commlizvith current regulations (with the
exception of iron samples at one site) and theohial analysis generally demonstrates the

stability in bacterial abundance, community struetamd composition within the system.

Site-specific patterns of bacterial abundance anctdarmunity structure were not observed
within the pipe system, suggesting little assocrathetween bacterial assemblages and mean

or maximum water age, however this was possiblykethby upstream variability.

When compared temporarily bacterial abundance ddreétween samples taken on Monday
and Wednesday, and to a lesser extent with timelayf with corresponding temporal
variability in community composition. Cyclic assatton with hydraulic conditions can be

inferred, with both weekly and daily cycles.

This research suggests that a combination of hjidraerformance data and quantitative and
gualitative molecular characterisation of WDS baate abundance, structure and
composition can lead to a better understandinghefrélationship between cell attachment
and detachment processes and that this may be rgmvdry hydraulic conditions. Such

knowledge could prove valuable for WDS design, apen and management in the future.
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841 Fig. 6 - Cluster analysis of DGGE profiles of 16S rRNA gdragments obtained from five
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843 indicated.
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845 Tables

846

847 Table 1 - Calculated mean and maximum water atpjwe to SP1. The mean and maximum
848 water age values were calculated based on the rdedeloped by Machedt al. (2009); see
849 text for details.

850
Sampling Mean Water Age Maximum Water Age :
) Mix
Point (hours) (hours)
SP1 0 0 Minimal
SP2 14 17 Minimal
SP3 60 60 Minimal
81% 16 to 40 hours old;
SP4 41 106 19% 58 to 112 hours old
96% 0 to 16 hours old;
SPS 15 115 4% 112 to 136 hours old
851
852
853
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Table 2 - Range of standard physico-chemical aiecdoimological parameters for water
samples collected from the five locations withie thater distribution network.

Parameter Range (min — max)
Temperature (°C) 15.2 - 18.4
pH (-) 71-7.3
Conductivity (uS cm™) 189 - 219
Turbidity (NTU) 0.1-1.61
True colour (mg ™" Pt/Co) 0.9-25
Chlorine free (mg I™* CI) 0.04 - 0.05
Chlorine total (mg I'* CI) 0.04 - 0.15
Iron (ug I* Fe) 15 - 638
Aluminium (pg I'* Al) 28-91
Manganese (pg I Mn) 2.0-46
Total coliforms (CFU 100ml™) 0
Escherichia coli (CFU 100mI™) 0

Fecal Steptococcus (CFU 100ml™) 0
Clostridium perfringens (CFU 100ml™) 0

Viable bacterial count — 2 days at 37 °C (CFU ml™) 0-34
Viable bacterial count — 3 days at 22 °C (CFU ml™) 0-42
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Table 3 - 16S rRNA gene sequences retrieved fromsB®ands and their closest phylogenetic affiliai8R1 to SP5 are sampling locations, d1 and

d3 are dayl and 3, respectively).

Sampling locations

Closest relative in GenBank
(Accession Number)

%
Identity

Found Elsewhere in Drinking Water / DW Biofilms®

References

Acinetobacter venetianus (FJ608115);

A. calcoaceticus in drinking water (Portugal)

Simoes et al. (2007)

SP2 (d1, 6 am &9 am) Acinetobacter sp. (FJ876296) 99 IAcinetobacter sp. in WDS (Greece) Kormas et al. (2009)
. : o Williams et al. (2004)
SP1, SP2, SP3, SP4, SP5 Nevskia ramosa (AJ001343) N. ramosa n chlorinated drinking water (USA) Keinanen-Toivola et al.
. 91-97 | N.ramosa in model WDS (USA)
(d1 & d3, 6 am & 9 am) Nevskia sp. (AB426557) N. ramosa in drinking water (USA) (2006)
' 9 Revetta et al. (2009)
P. aeruginosa isolated from drinking water (Brasil) Silva et al. (2008)
ijil&?jZZG irlzségP;h)SPS Pseudomonas sp. (GQ417894) 99 - 100 | Pseudomonas sp. in chlorinated drinking water (USA) Williams et al. (2004)
Pseudomonas sp. in drinking water biofilms (South Africa) | September et al. (2007)
SP1, SP5 (d1, 6 am)
SP2, SP4 (d1, 9 am) Pseudomonas sp. in chlorinated drinking water (USA) Williams et al. (2004)
SP1, SP3, SP5 (d3, 6 am) Pseudomonas sp. (DQ316117) 90 Pseudomonas sp. in drinking water biofilms (South Africa) | September et al. (2007)
SP3 (d3, 9 am)
E. coli in private water supplies (UK) Richardson et al.
SP1, SP2, SP3, SP4, SP5 _— E. coli outbreak in drinking water supplies (UK) (2009)
(d1, 6 am & 9 am) Escherichia sp. (GQ423062) 99 - 100 E colii | lies (F UK. P | Nichol L (2009
(d3. 6 am & 9 am) - caliin several water supplies (France, UK, Portuga ichols et al. ( )
' and Lativa) Juhna et al. (2007)
SP2, SP3, SP5 (d1, 6 am)
SP1, SP2, SP5 (d1, 9 am) L .
SP1. SP2. SP3, SP4, SP5 Bosea sp. (AB480419) 93-98 Bosea sp. ;oung in drlnk|r(1jg water (Switzerland) Thomlas et T\I. 2(5&?7)
(d3, 6 am) Bosea sp. found in treated water Rapala et al. ( )
SP1 (d3, 9 am)
SP1, SP2, SP3, SP4, SP5
(d1, 6 am) Bosea sp. (AB480419) 100 Bosea sp. found in drinking water (Switzerland) Thomas et al. (2007)

SP1, SP2, SP3, SP5
(d1, 9 am)

Bosea sp. found in treated water

Rapala et al. (2006)

4 Organisms related to those identified in this study have previously also been found in other drinking water distribution systems, as indicated.
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