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Introduction

In aquatic environments, microorganisms are presentith sufficient levels of
nutrients to maintain activity and are thereforeratant in water. Organisms present
in water may be eukaryotic or prokaryotic and idelyprotozoa, amoebae, bacteria
and fungi. The majority of organisms present aramtoncern to human health, but
some pathogens that usually are introduced by lf@ecaamination may be present,
and have to be removed prior to consumption.

In order to produce safe drinking water, the wanelustry is challenged with the
removal of microorganisms as well as the nutriemd anergy sources that could
promote microbial regrowth [Allen et al, 2004]. Ascade of treatment processes is
applied to purify the water to a level at whiclisisafe to be consumed. In general the
first step of the treatment process is a chemrealinent to remove suspended solids
and organic compounds by precipitation. This idofeed by a filtration process
which is applied to further remove solids and orgaompounds. As a final step the
disinfectant is added to the water which is apptdemove microorganisms as well
as nutrients and chemical pollutants. In orderrevent regrowth in the distribution
system a sufficient level of disinfectant has tonantained throughout the network
[WHO, 1997]. Monitoring the treatment process isesdial to guarantee the
customers safety. Traditionally, plating methodsiclwhare widely accepted and
anchored in water regulations are used to enumtstkcell numbers (HPC) and to
assess hygienic parameters by screening for organithat indicate faecal
contamination. Unfortunately the plating methodséicertain disadvantages. As all
plating methods are cultivation based they reqaio®nsiderable period of time until

results are delivered. Using the HPC method fordeermination of the total cell



number of a sample further takes only about 1%bhef lbacterial population into
consideration, as most bacteria are either nouabte or entered a non-culturable
state in response to the low nutrient environmentreéated water [van der Kooij,
2003, Wagner et al 1993]. Therefore a more rapidhate for the analysis of
microbial water quality is needed. In recent yehesterial flow cytometry (FCM) as
a rapid tool has gained increased acceptance asea guality measure and a number
of key studies have underlined its usefulness as@rasingly affordable diagnostic

technology [Berney et al, 2008, Hammes et al, 26@%fl et al, 2003].

In this project FCM was applied as potential reptaent for HPCs. Two different
fluorescent staining methods have been used to emdentotal and intact cell
numbers in water samples. In order to determinetdted cell concentration (TCC)
bacteria in a sample were stained with SYBR Gregi$G&), which is a DNA
intercalating dye that can penetrate into cellshwebmpromised and intact cell
membranes. Thus, it stains the total bacterial |adjomm of a water sample. To
determine the intact cell concentration (ICC) odaample, the bacteria were stained
with a combination of SG and Propidium lodide (PPL, being also a DNA
intercalating dye, can only penetrate into cellthvaompromised cell membranes, as
its structure prevents it from entering intact £elflhe SG which as well is present in
cells with compromised membranes produces a lésasa fluorescent signal which
is quenched by the stronger signal produced byPthdhus, when stained with the
dye combination, compromised and intact cells pceddifferent fluorescent signals

which enable the detection and enumeration ofriteet cell population.



Aims and Objectives

This project was performed to assess the poteotibhcterial flow cytometry as an
asset to monitor the microbiological water quality distribution networks using
chlorine as a disinfectant. Furthermore its potdnAs a replacement for the
heterotrophic plate counting method (HPC) was erathi As flow cytometry is a
faster, more rapid method to establish the bad¢tpopulation of drinking water, it
could serve better as an operational tool for thetrol of water treatment than the
traditional plating methods allowing faster respgEt changes in the bacterial levels
in water. This project also focussed on the diffiees in bacterial concentrations from
the customer’s perspective by examining tap wated &om the industry’s
perspective by examining whole scale distributioetworks. It was further
investigated if flow cytometric data can be coretato standard plate counts by
examining potential relationships between platent®uand total and intact cell
concentrations determined by flow cytometry. Toaaeplish these aims 2 major
studies were performed.

First, the water quality was assessed from a coesanperspective by examining
different tap water samples for total and intadt members using flow cytometry and
determining the effects of flushing and stagnati®@econd, from the industry’s
perspective, flow cytometric analysis was appliedekamine bacterial numbers in

distribution systems and to determine regrowth mitaés of different waters.
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1.1 Abstract

Whereas microbiological quality of drinking water water distribution systems is
routinely monitored for reasons of legal complignoécrobial numbers in tap water
are grossly understudied. We applied in this sfimly cytometry as a rapid analytical
method to quantify microbial concentrations in wadeampled at diverse taps in a
medium size research building receiving chlorinataditer. Taps differed
considerably in frequency of usage and were locatedlifferent laboratories,
bathrooms, and one in a coffee kitchen. Substarditierences were observed
between taps with concentrations (per mL) in thrgyeafrom 6.29 x 10to 7.74 x 18
for total cells and from 1.66 x @0 4.31 x 16 for intact cells. The percentage of
intact cells varied between 7 and 96%. Water frapstwith very infrequent use
showed the highest bacterial numbers and highespoptions of intact cells.
Stagnation tended to increase microbial numbevgiter from those taps which were
otherwise frequently used. Microbial numbers ineottaps that were rarely opened
were not affected by stagnation as their water ratably be considered stagnant
most of the time. For cold water taps, microbiaminers and the percentage of intact
cells tended to decline with flushing with the desa decline for taps used least
frequently whereas microbial concentrations in watam hot water taps tended to be
somewhat more stable. We conclude that microbiolgivater quality is mainly
determined by building-specific parameters. Tapewptofiling can provide valuable

insight into plumbing system hygiene and mainteeanc



1.2 Introduction

Whereas testing for faecal indicators like colifsris the most widely applied
strategy to test for potential presence of patheggeneral microbiological quality of
drinking water is conventionally assessed usingro#iophic plate counts (HPC;
WHO 2002; Bartranet al. 2004). The latter dates back to Robert Koch aaslbeen
successfully applied for more than 100 years (Ka883). HPCs are useful in
situations where the focus is not on the hygieniality of water, but rather on the
general microbiological quality and biological stay (Siebel et al. 2008). They can
serve as a decision basis for operational problenvgater treatment processes, for
identifying regrowth in distribution systems anda &ssessment of general cleanliness
of pipes (WHO 2002). Nevertheless HPCs suffer ftbm drawback that test results
are obtained only after 2-7 days (depending on itlweibation temperature and
application) and different results are obtainedetelng on the nutrient medium
(Carteret al. 2000; Uhl and Schaule 2004). An attractive alitue to HPCs can be
seen in the cultivation-independent quantificatddnotal bacterial cell concentrations
by flow cytometry (FCM) which has profited in re¢gmears from the development of
user-friendly protocols and instrumentation (foviesvs see Hammes and Egli 2010;
Wanget al. 2010). A number of key studies have underlinesl usefulness of this
rapid and increasingly affordable diagnostic tedbgp and shown good correlations
with total adenosine tri-phosphate concentratidderrfey et al. 2008; Vital et al.
2012). Compared to traditional HPCs, FCM typicalbtects, due to its cultivation-
independent character, 1-2 log units more micrausgas (Hammest al. 2008).
Although there is an increasing number of studagplying FCM to
monitoring cell numbers in drinking water treatnseptocesses (Het al. 2012; Vital

et al. 2012), there are very few studies addressingahictogical quality of drinking



water at the level of the consumer’s tap. Most lolgtawo Swiss studies employing
FCM demonstrated that FCM is a straightforward métto quantify microbial cell
numbers in tap water. Siebetlal. (2008) reported total cell concentrations (TCE) i
the range between 0.37 x°105.61 x 18 cells mL*in tap water samples collected at
different time points from two different researchildings at Eawag (Dubendorf,
Switzerland). Numbers tended to be highest in th@nmg and dropped with
increasing use. A later study by Lautenschlageal. (2010) showed that microbial
numbers in tap water collected from 10 differentgeholds tended to increase as a
result of stagnation and decreased after fluskapg.t

Whereas in both of the two Swiss studies the aepdlysp water did not
contain disinfectant residual, we applied FCM irs thtudy to quantify numbers of
total and intact cells in chlorinated tap water. r&search building which
accommodates the Cranfield Water Science Instseiteed as an example to establish
a tap water profile. The building was deemed sietalue to availability of a high
number of taps that greatly differ in usage. Twemty taps were selected to give a
representative picture of the building includinggarom within laboratories (with
some of them being used very infrequently), handshwainks located at the
entrance/exit of laboratories, two bathrooms, d&edcbffee kitchen. Although all taps
received water from the same mains pipe, only whtan the tap located in the
coffee kitchen is used for human consumption. Ageostn comparing microbial
numbers in different locations of the building were interested in the effect of
stagnation, the difference between cold and hoemand in the impact of flushing

the taps.



1.3 Materials and methods

Sampling

Water was sampled from kitchen taps in twelve pevaouseholds in Norfolk, UK.
House owners were provided with sterile 100 mL danmottles (Aurora Scientific,
Bristol, UK). Samples were collected on the daysampling and stored on ice in a
cooler until analysis on the following day. As nleaming procedures were applied,
the results reflect the microbiological water quyaliypically experienced by the
corresponding consumers. The same applied to therwample collected from the
coffee kitchen tap at the Cranfield Water Scienwstitute shown in Fig. 1. All other
water samples collected from selected taps in tfanf@ld Water Science Institute
were collected after disinfecting metal parts gistgrior to sampling with household
surface wipes (Kirkland signature brand; Costcoltavii Keynes, UK) containing
quaternary ammonium compounds (0.14% dimethyl b#ngyl ammonium
chlorides, 0.14% dimethyl benzyl ammonium chlor)dasd 8% isopropyl alcohol
followed by rinsing with 70% ethanol. After a briadiditional wipe with clean tissue,
the ethanol was allowed to evaporate for 5 minavoid any ethanol residues in the
sampled water, the first 50 or 200 mL (as indicatddlow through were discarded.
Taps were located in different laboratories (abiated lab 1-7), two bathrooms and
the coffee kitchen. From every tap 40 mL of watersveampled in a sterile 50 mL
conical centrifuge tube (Fisherbrand, Fisher SdientK Ltd., Loughborough). To
each sample 40uL thiosulfate (0.1 N; VWR, East €&dad, UK) were added to
eliminate residual chlorine. When flushing tapshwitp to 40 L, defined water
volumes were discarded during the sampling protedsre the next sample was

collected.
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Bacterial staining and flow cytometric measurements

For measurements of total cell concentrations, SYB&en | (10,000 x stock, cat. nr.
S-7567 Life Technologies Ltd., Paisley, UK) was dilutedtiwdimethyl sulfoxide
(DMSO; Fisher Scientific, Fair Lawn, NJ) to a wargistock concentration of 100 x,
of which 5 pl were added to sample volumes of p0Qfinal SYBR Green |
concentration: 1x). For measurements of intactamiicentrations, dye mixtures were
made containing 5 parts of 100 x SYBR Green | apdri of propidium iodide (1 mg
mL™, corresponding to 1.5 mM; cat. nr. P3566; Life Aremlogies Ltd., Paisley, UK).
6 ul of this dye mix were added to each water sarpb00 ul (final concentrations
of SYBR Green I: 1x, final concentration of PI: 8u Flow cytometric measurement
in combination with staining with Pl has been shqweviously to be an appropriate
method to exclude cells with membrane damage tefliby chlorination (Ramseier

al. 2011). Following the addition of dyes and brieintje vortexing, samples were
incubated for 15 min at 30°C using a standard ooy heat block with a self-made
styropor lid to maintain a constant temperature tanabvoid light exposure. Following
staining, samples (50 pl) were analysed using a/A®Puri C6° flow cytometer
equipped with a 488 nm solid-state laser (Bectackinson U.K. Ltd., Oxford, UK).
In cases were total signals exceedelicbints mL!, samples were diluted with filter
sterilized (0.22 pm) Evian mineral water (Evian,idfvles-Bains, France). All
samples were measured at least in duplicate. Ghearescence was collected in the
FL1 channel at 533 nm (FL1) and red fluorescenceh@FL3 channel at 670 nm
(FL") with the trigger set on the green fluoreseendo compensation was used. The
single, fixed gate described previously by Gatrzal. (2013) was employed as a

template together with the corresponding instrumesattings. Numbers of

11



microorganisms contained in this gate after stgininth SYBR Green | or SYBR
Green I/propidium iodide are reported. Data wascgseed using the Accuri C6

software.

Chlorine and temperature measurements

Water temperatures were measured using a digftared IR thermometer (Precision
Gold N85FR; Maplin, Rotherham, South Yorkshire, URptal and free chlorine
concentrations were measured using a Delagua catopgDelagua, Marlborough,

UK) following the manufacturer’s instructions.

12



1.4 Results

Heterogeneity of bacterial concentrationsin water from kitchen taps

Water samples taken from kitchen taps located fferéint private households in
Norfolk and in the coffee kitchen of the Cranfiddater Science Institute and were
tested for microbial concentrations. Figure 1 shoemesentative flow cytometric

density plots of five selected samples with micobtigical water qualities typically

experienced by the corresponding consumers.

(a) Total cell concentrations (TCC)
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Figure 1 Flow cytometry dot plots of water sampled from ki&a taps in Cranfield
University and four different households in Norfol.1 denotes green fluorescence
signals (520nm) and FL3 denotes red fluorescempeals (615 nm). An electronic
gate (confined by dotted red lines) was used tarsep (a) total bacterial cells and (b)

intact bacterial cells from background.
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Both total cell counts (TCC) and intact cell courft€C) were measured with
microbial signals confined in the gated regionsarples were selected as they
demonstrate substantial differences in microbiahbers ranging from a few signals
in the gate on the low end to 1.98 ¥ p@r mL and 1.63 x £onL on the high entbr
total and intact cells, respectively. Interestindipuseholds C and D which showed
dramatically higher bacterial numbers than othenmas used point-of-use water
filters which had not been changed within the recmnded time frame and probably
enriched the water with bacteria that built up e filter cartridge. Especially in
household D the majority of microorganisms in thisusehold were found to be

intact.

Tap water fingerprint of a research building

The pronounced differences in microbial concerireti found in tap water from
different households made us ask about the heteettgan tap water from a single
building receiving chlorinated water from one wapgve. In contrast to the samples
shown in Fig. 1, taps were disinfected before samgdb exclude the possibility that
microbial contamination derives from tap contamoratrather than the water.
Maximal concentrations of 0.5 mg*Ltotal chlorine and 0.1 mg™Lof free chlorine
were measured in water from frequently used tapgreas the residual concentration
was below the detection threshold of 0.1 migfar other taps.

The Cranfield Water Science Institute which hasuelper of different laboratories
was deemed an appropriate example not only dubet@vailability of a relatively
high number of taps in different facilities, busalfrom the perspective that water
usage from different taps greatly varies. The tagated in the coffee kitchen can be

assumed to be the most frequently used one. Tiodalngact cell concentrations are
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Figure 2 Concentrations of (a) total bacterial cells andiiiqct bacterial cells per
mL and corresponding relative proportions of inteelis (c) in water sampled from
selected taps in the Cranfield Water Science utstibn a Friday and Monday before
Christmas and the first day after the Christmasdagl Samples were collected from
taps from different laboratories including hand Wwdmsins (HWB), two different
bathrooms and the coffee kitchen. Averages fromteetinical replicates are shown

with error bars representing standard deviations.
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shown in Fig. 2a and b, respectively. In orderdseas the impact of water stagnation,
samples were taken on a Friday and Monday in Deee2il?2 before the Christmas
holiday and on the first day after the building wasopened after an approx. 2 week
break over Christmas and New Year. Cell conceomatiwere found to vary
considerably between different taps with differencé up to approx. 100-fold for
both total (6.29 x 1Dto 7.74 x 18 per mL) and intact cells (1.66 x b 4.31 x 18
per mL). The effect of stagnation depended on #ps tbeing sampled. Whereas
microbial concentrations of water from some tapdeuwent strong increases after the
weekend break and especially after the Christmdgldys, highly comparable
concentrations were obtained from others. Stagmatoded to have the strongest
impact for frequently used taps located in theHeatt, bathroom B, and in part in
laboratories 1 to 4. Microbial concentrations otevdrom laboratories 5 and 6 on the
other hand remained practically unchanged corrglatvith very rare use of these
locations. Water in these laboratories can be densd stagnant for long periods. The
differences between total and intact cell concéwoiia represent the relative
proportion of intact cells that for reasons of eettisualization are shown in Fig. 2C.

Percentages of intact cells hugely varied and mred to range between 7 and 96%.

Effect of flushing taps with increasing water volumes

To assess the effect of flushing on microbial cotregions, we analysed water from
three selected cold water taps (Fig. 3a, b, armhd)an eye wash (Fig. 3d). Water was
sampled after flushing taps with water volumes a@® L (10 L in case of the eye
wash). For both water from laboratory 3 (tap B) d&min a storage room microbial
numbers declined by factors of 33 and 36 for totdlls and by factors of 61 and 429

for intact cells, respectively. In case of the atm room, the very high total cell

16



concentration of 1.9 x £0n the initial sample (taken after flushing witl2Q.) can be

explained by the fact that the corresponding tapri@ been used for at least several

months.
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Figure 3: Concentrations of total and intact baatper mL detected in water from
cold water taps in (a) laboratory 3, (b) a storemmm, (c) the coffee kitchen and (d)
an eyewash after flushing taps with water volumasging from 0.2 L to 40 L.
Equidistant presentation of data points was chogenenable good graphical
resolution. All taps are located in the same reteauilding. Error bars represent
standard deviations from two technical replicatéserage relative differences
between total cell counts and intact cells countésvasualized in a separate bar chart

showing the percentage of intact cells.
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The relative proportion of intact cells tended teciase with increasing water
volumes. The effect was especially pronounced fa storage room with the
proportion of intact cells dropping from 95 to 8 Water from the coffee kitchen,
which is frequently used by members of the ingituin the other hand, showed the
lowest initial number of total and intact microonggms (Fig. 3c). Correlating with its
frequent use of the tap, neither the cell concénotra nor the relative proportion of
intact cells underwent a pronounced decrease,llctufited around a median value.
Water from an eye wash, which is checked weekly thueHealth and Safety
regulations, showed relatively low microbial nungyewhich dropped moderately
when flushed with up to 10 L of water (Fig. 3d).eTtelative proportion of intact cells

dropped from an initial 50 % to 12%.

Comparison of cold and hot water

Water from cold and hot water taps belonging ti&sim laboratory 3 (tap B) and the
hand wash basin of laboratory 6 were compared Heir tmicrobial concentrations

(Fig. 4). For cold water, concentrations droppedhwncreasing water volumes
flushed through the taps. The effect was partitplaronounced for cold water from

the hand wash basin where microbial numbers droppdevels near the detection
threshold. In both laboratories the water becanbstantially colder after flushing 10

and more liters of water indicating that water frtime mains pipe was entering the
building. In case of laboratory 6, the drop in temgiure correlated with a sharp drop
in the proportion of intact cells (Fig. 4b). Fobtaatory 3 on the other hand the
percentage of intact cells reached a minimum dflieshing 1 L of water and

subsequently moderately increased.

18



(a) Laboratory 3 (tap B)
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Figure 4: Concentrations of total and intact baatdetected in water from cold and
hot water taps in (a) laboratory 3 and (b) a haadhabasin belonging to laboratory 6.
Both sinks are located in the same research bgildBamples were taken after
consecutive flushing of cold and hot water tapsiwiater volumes ranging from 0.05
L to 40 L. Equidistant presentation of data poimés chosen to enable good graphical
resolution. Error bars represent standard devigtivom two technical replicates.
Average relative differences between total cellnteuand intact cells counts are

visualized in a separate bar chart showing thegmage of intact cells.
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Water from the corresponding hot water taps showede distinct behaviours.

Whereas initial microbial concentrations in laborgt3 were comparable with the
ones from the cold water tap and underwent a dechith increasing flushing,

concentrations in hot water from the hand washrbizslaboratory 6 were lower and
remained relatively constant with increasing watglumes. The difference between
the two hot water taps also reflected in the propos of intact cells which sharply
dropped for laboratory 3, but did not show a ckesmdency in case of laboratory 6.

For both sampling locations the hot water reachfdahtemperature of below 45°C.
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1.5 Discussion

As microbiological water quality at the householevdl is tested only very
sporadically for a number of reasons, limited detaavailable about microbial
numbers in household plumbing systems. We addrasstls study the differences
in microbial concentrations in water from selectads using flow cytometry as a
modern diagnostic tool which detects microorganisigspective of their
culturability. Substantial differences in microbiatater quality were found in
different private households and at different laws of the selected research
building. Whereas differences in microbial numbieosn taps in private households
can be caused by different levels of hygiene (samplere taken without disinfection
of taps), point of use devices (such as filteray garying water quality in different
parts of the distribution system, differences ie tiesearch building (with all taps
being cleaned following the same protocol) sugyesttap water quality is to a large
extent determined by building-specific parameté&hss finding is in agreement with a
study looking at HPC bacteria in different housed ucson, Arizona (Peppet al.
2004). Bacterial numbers were found to dramaticaltrease from the distribution
system to the consumer’s tap. The authors conclubetl the “major source of
bacteria ingested by the average consumer in Tuasgimates from bacteria within
the household distribution system or the housekebd rather than from the source
water or the distribution system”. HPC levels wezported to greatly vary between
households (bacterial concentrations in water fkaghen taps were in the range of 4
— 7 x 10 CFU mL* with an average of 300), between different tapthiwithe same
household and when sampling the same tap over seveecutive days.

Differences in microbial numbers between taps hineour study up to 100-fold (not

considering water from the storage room where tatal intact cell number of up to
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2.8 x 10 and 2.6 x 10were measured). Relative differences in microhiahbers
appear greater than the ones observed in the $uid4-based studies mentioned
earlier.

Total cell concentrations in 200 tap water samptékected at different time points by
Siebelet al. (2008) were in the range between 0.37 X 4(.61 x 16 cells mL*
(difference of a factor of 15) and intact cell niargin tap water from 10 different
households analysed by Lautenschlaged. (2010) were in the range of approx. 0.4
x 10° — 1.6 x 16 cells mL™. It is tempting to hypothesize that the greatdativee
differences in our and the Tucson study were imiteel by the fact that water was
chlorinated, whereas both the Swiss studies wer®npeed with tap water that did
not contain disinfection residual. Depletion of idfsctant residual might be an
important reason for variation in microbial numbigr&uildings.

Non-chlorinated water when entering buildings migt the other hand be
biologically more stable and undergo less variatitvhen studying intact cell
concentrations as a function of water age in dhistion systems, biological stability
was interestingly found to be much higher in theesize of residual when comparing
systems with chlorinated water (Riga) or non-clmated water (Amsterdam, Zurich;
Vital et al. 2010). Intact cell numbers in Amsterdam were Iye@entical for the
entire analysis range of over 85 (Amsterdam) anch®&@rs (Zurich) of water age.
Also an earlier study by Servagsal. (2004) confirmed a strong impact of chlorine.
When quantifying the biofilm accumulating on coupom the Parisian water
distribution network, an increase in biomass wasned with decreasing chlorine
chlorine residual. It is well conceivable that watéhich is biologically stable in the

distribution system is less susceptible to chamg®ia plumbing system.
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Stagnation in our study was found to dramaticatipact water especially from those
taps which were frequently used causing differencksip to 2 log units when
comparing intact cell concentrations before andrafte Christmas holiday. The same
held true to a lesser extent for total cell coneitns. Flushing taps on the other
hand caused in part great reductions in microbiethlmers with the most dramatic
drop from 2.2 x 1®cells to the lower detection limit as observed ifaact cells in
water from the hand wash basin in laboratory 6rdftesshing the system with 40 L
(Fig. 4b). The effect of stagnation and flushinggsin in agreement with both Swiss
studies. Siebedt al. (2008) reported that total cell concentratiomslezl to be highest
in the morning (8:00 am; approx. 1.5 x°Xells mLY) and typically decreased until
10:00 am (0.5 x T0cells mLY) before stabilizing during the day. Lautenschlager
al. (2010) on the other hand found that intact cefhbers increased between 1.6 and
3.2 times after overnight stagnation with an averafj1.1 (+ 0.25) x 10intact cells
mL* (compared to a 2-18-fold increase in ATP conceioinat and a 4-580-fold
increase in HPC numbers). Numbers originated frdosamples. Flushing taps for 5
min (approx. 30 L) on the other hand decreasedncetibers by a factor of 2-3 while
the relative proportion of intact cells remainec tbame with approx. 85%. The
impact of stagnation and flushing was thereforatnatly small given the fact that in
relatively small households the pipe systems arehnghorter than in a research
building and water from the mains pipe should emiter building faster. The less
pronounced impact of stagnation and flushing in 8wiss studies might again
correlate with the absence of disinfectant resicarad greater biological stability.
Interestingly, supplementary material provided bgutenschlageret al. (2010)
showed that flushing had a more pronounced effedap water from households in

Basel receiving water with a low concentration bfocine dioxide (0.05 mg ).
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Whereas the first liter of water that was sampledtained on average a relative
proportion of 57% intact cells, flushing the taps 5 min resulted in a drop in intact
cells to 34%. However, presence of a disinfectastdual should probably not be
overestimated. A very recent report about waterligudrom taps in a newly
constructed building in Winterthur (Switzerland)ceeving non-chlorinated water
showed that 15 hours of stagnation could also rasimcreases by a factor of 10-100
in total cell counts as determined by FCM (K6tzaad Egli 2013). It has to be noted
however that the building suffered from seriousboar leaching due to the newly
installed plumbing material.

Reasons for differences in microbial numbers cambeifold and be of chemical,
physical or operational nature. As mainly shown ddstribution systems they can
include differences in nutrient and disinfectanth@antrations, temperature, and
residence times (Kerneys al. 1995; LeChevallier 2003; Niquett al. 2000). In
buildings, differences in plumbing materials andriemts originating from pipe
material (Bucheli-Witschedt al. 2012) and the household environment can addgo th
variation (Lautenschlage al. 2010; Roger&t al. 1994). Stagnation might however
be one of the most important factors influencingnaivial numbers as graphically
visualized in Fig. 5. In partial reiteration of theevious, reasons for higher microbial
numbers in stagnant parts of the plumbing systeghminclude (1) depletion of
disinfectant residual due to long residence tin23, Quildup of microorganisms in
areas undisturbed by flow, (3) higher water temijpees in buildings compared to the
mains pipe (as demonstrated in Fig. 4) and (4)cknrent of stagnant parts with
nutrients supporting growth. In regard to nutrientichment, the underlying thought
is that taps with stagnant water are not a clogstes), but amenable to influx of

nutrients by passive diffusion. Microorganisms catang distal parts with stagnant
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Figure 5. Simplified hypothetical model of microbieoncentrations in plumbing
system with flowing water and stagnant tap (diagrednhdrawn to scale). Numbers of
microorganisms (represented by dots) are elevatedtagnant parts due to (1)
depletion of disinfectant residual, (2) undisturbdmdldup of microbial populations
due to absence of flow, (3) higher water tempeestgompared to mains pipe, and (4)
enrichment with nutrients in stagnant parts. Natgeare able to passively diffuse into
stagnant parts and become ‘trapped’ by microorgasisolonizing the plumbing
material. Conversion of nutrients into biomass Hreresulting ‘fixation’ lowers the
probability of nutrients diffusing back into thepgi resulting in a net-influx of
nutrients. The build-up of nutrients over time wbwupport a higher microbial
concentration. Dead biomass would be recycled hapas reflected in a high

proportion of live cells.

water would be assumed to convert these nutriattshiomass. The biomass in turn
can be expected to be partly attached to the sudathe plumbing material (Moritz
et al. 2010). Nutrients being converted into biomasdadherefore be considered to
undergo a ‘microbial fixation’ in stagnant partsheTtherefore lower probability to
diffuse back into the pipe region with flowing watgould result in a net-inflow of
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nutrients into distal parts and nutrient enrichmeétigher microbial concentrations
when opening taps with stagnant water in turn wookd explained by the high
likelihood that cells in surface-associated biofilmre in equilibrium with free-
floating cells. Whereas this model is hypothetigalis clear that depletion of
disinfectant residual alone cannot explain the afi@l buildup, as it is also observed
(although to a lesser extent) in households reogiwvater without secondary
disinfectant. Nutrients released directly from phing material on the other hand
should be considered insufficient to cause the atgae buildup of high microbial
numbers, especially when the plumbing has beeraliedt decades ago. Another
factor facilitating microbial growth could lie ité size of the colonized surface area:
in the beforementioned study by Koétzsch and E¢@)iL®), the increase in total cells
after 15 hours of stagnation was particularly proveed at the first sampling point
when water directly entered the building althouddmmbing material in this part of
the building consisted of stainless chromium steleich should not release organic
nutrients. It was discussed that the increase orahial numbers were alleviated by
the big surface of a particle filter directly prdogy the sampling point.

In conclusion, the presented data supports previodings that microbial
concentrations in water with disinfectant resid@ak primarily determined by
plumbing systems at the point of use and by builéipecific parameters. Stagnation
was found to cause dramatic differences both i cembers and the relative
proportions of intact cells. The study furthermaorgderlines that FCM represents a
sensitive method to detect differences in microbaimbers over an extended
concentration scale. Its user-friendliness anddpéelata collection adds great value
to collect informative large datasets such as requifor tap water profiles of

buildings.
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2.1 Abstract

In this study bacterial flow cytometry was usedaagapid operational tool to monitor
microbiological cell concentrations of 3 differasrinking water treatment plants and
their adjacent service reservoirs. Bacterial celhoentrations were found to vary
considerably between the 3 examined distributiostesys. Further the potential of
flow cytometry as a replacement for HPCs was ingattd by comparing flow
cytometric data to traditional plate counts of was raw waters and samples which
experienced bacteriological failures. Data fromhbstandard plate counts and flow
cytometry further suggested that samples exhibitialiform failures showed high
percentages of intact cells. By comparing colif@moants and flow cytometry data we
could determine that a minimum level of 0.5 mg/Lfade chlorine in chlorinated
distribution systems and 0.8 mg/L total chlorineeimloraminated networks should be
maintained to prevent elevated cell concentratiand viabilities. Further it was
established that potential regrowth of bacteridlscdoes not depend on the water
source rather than the efficacy of the treatmehe determination of the regrowth
potential of different treated waters revealed @saderable bacterial matter regardless

of the waters origin.
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2.2 Introduction

As in aquatic environments bacteria are preseniddavsufficient level of nutrients
in order to support microbial activity, they areuadant in water. Drinking water
treatment aims to remove bacteria as well as misgridom water by a cascade of
processes and the application of a disinfectantrdier to prevent microbial regrowth
in the distribution system a sufficient disinfedtaevel has to be maintained
throughout the network [WHO, 2002].

Traditionally, regulations for monitoring the mitiological water quality and to
monitor operational procedures are based on theneration of faecal indicator
organisms and HPCs [Bartram et al., 2002; Robertswh Brooks, 2003]. These
typically are based on plate counting [WHO, 2002rtEam et al., 2002], which
demand a considerable amount of time to obtaintsee@dPC counts take 2-3 days).
Whereas this has worked well from a hygienic pesspe, because of the time delay,
the approach is of little use for operational decis. Further, traditional plating
methods obtain very low microbial numbers from rdisttion networks as they only
take culturable organisms into account. Howevenag been shown that bacteria can
enter a viable but non-culturable state in a lowriant environment and in presence
of low disinfectant levels [Byrd et al, 1991]. Th@re a more rapid method is
required to serve as a decision basis for opemtiproblems in water treatment
processes, to monitor microbial activity, to idgntiegrowth in distribution systems
and to assess the general cleanliness of pipes.

In recent years, bacterial flow cytometry as a daol has gained increased
acceptance as a water quality measure and a nwhkey studies have underlined its
usefulness as an increasingly affordable diagnasthnology [Berney et al, 2008;

Vital et al, 2012]. This study has looked into tieefulness of FCM as a replacement
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of HPC counts for operational purposes as it dedivesults within an hour and can
therefore enable a real time water quality assessritéow cytometry in this project
was applied to monitor total and intact cell popiolas in 3 selected networks within
the Scottish Water distribution system over a 7 tmaimme period. By this, the
effectiveness of the water treatment was examipedsible seasonal variation in
microbial numbers in the distribution system colbkdrecognised and potential errors
in the treatment process could be determined. Eumtbre, the increase of cell
numbers within a network could be used to identaifgas of localised bacterial
regrowth in the system. Microbial growth in a distition network is promoted by a
variety of factors such as the availability of mernits or carbon sources pipe material
and surface area-to-volume ratios, stagnation antgpérature [Allen et al., 2004,
Carter et al., 2000, LeChevallier , 2003] As baatemultiplication in treated water
constitutes a risk to the hygienic safety of constanflow cytometric analysis was
used to determine the regrowth potential of setetiteated waters and different raw
waters. The collected data was collated with stahgéate counts of these waters to
examine any correlation of the counts.

It could be assumed that bacterial growth withm distribution network could lead to
an increased incidence of bacteriological failurethe drinking water supply chain.
A water sample by regulations is considered a ffailtiit shows one or more colony
forming units of coliform bacteria oE. coli in 100 mL (cfu / 100 mL) sample
volume. FCM analysis was applied to establish pgakwrorrelations with standard

plate count methods.
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2.3 Materials and Methods

Sampling

Water samples were taken from a variety of differBreatment Works and Service
Reservoir Outlets (for treated water) and Inlets (aw water) in the Scottish Water
distribution network according to Scottish Watemgéing procedures. Taps were
flushed for 3 minutes and then flame sterilisechgisa blow torch for 30 seconds.
After flushing the tap for an additional 30 secqnalater was sampled into sterile 500
mL plastic-sample bottles (Aurora Scientific, BoistU.K.) containing thiosulfate to
eliminate chlorine residues. Samples were storeldr@msported in a refrigerated van

at 5°C (+/- 3°C) and arrived in the laboratory witB4 hours after sampling.

Chlorine measurements

The measurement of free and total chlorine resgdwalsere performed at the time of
sampling, using a pocket colorimeter (Hach-Langalfogd, U.K.) set to the Low
(LO) range mode. Appropriately labelled sample scellere filled with 10 mL of
water and any liquid spills were wiped off the adesof the cells using paper tissue.
After reading the blank, the DPD free and totabdnle DPD powders were added to
the samples cells and cells were gently swirled3fdrseconds, followed by a 1 min

incubation prior to measurement and incubated fmiriute before analysis.

Flow cytometric measurements

For measurements of total cell concentrations (TGEBR Green | (10, 000 x stock,
cat. no. S-7567; Life Technologies Ltd., Paisle)Uvas diluted with dimethyl
sulphoxide (Fisher Scientific, Fair Lawn, NJ) tonarking stock concentration of
100x, of which fL were added to sample volumes of 500 (final SYBR Green |

concentration: 1x). For measurements of intact celhcentrations (ICCs), dye
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mixtures were made containing five parts of 100¥BR Green | and one part of
propidium iodide (PI) (1 mgmtl, corresponding to 1.5 mM; cat. nr. P3566; Life
Technologies Ltd., Paisley, UK). Six microlitres tbfs dye mix were added to each
water sample of 500uL (final concentrations of SYBR Green |. 1x, final
concentration of PI: 8M). Combining flow cytometric analysis with staiginvith PI
has previously been shown as an appropriate methecclude cells with chlorine
induced membrane damage [Ramseier et al, 2011dr &fe addition of the dyes the
samples were gently vortexed and incubated orstaradard laboratory heat block for
15 min at 30°C covered with a custom self-made alum foil-wrapped polystyrene
lid to ensure homogeneous temperature conditiorts tanavoid light exposure.
Following incubation, samples (5(L) were analysed using a BD Accuri C6 flow
cytometer equipped with a 488 nm solid state IgBecton Dickinson U.K. Ltd.,
Oxford, U.K.). In cases where the total signalseede=d 106 counts mL-1, samples
were diluted using filter sterilized (Opim, Millex, Merck Millipore Ltd., Tullagreen,
Carrigtwonhill, Co, Cork, IRL.) Evian mineral wat@Evian, Evian-les-Bains, France)
as this mineral water tends to be biologically Eabith little variation between
bottles. Green fluorescence was collected in the éHannel at 533 nm (FL1) and red
fluorescence in the FL3 channel at 670 nm (FL3hwite trigger set on the green
fluorescence. No compensation was used. The sifixgel, gate described previously
by Gatza et al. was employed as a template togeth#tr the corresponding
instrument settings (Gatza et al., 2013). Numbérsioroorganisms contained in this
gate after staining with SYBR Green | or SYBR Gré#H are counted as TCC or

ICC. Data was processed using the Accuri C6 soéwar
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Regrowth potential assessment

Water was sampled according to Scottish Water phoes into sterile 500 mL
plastic-sample bottles containing thiosulfate (Aar&cientific, Bristol, U.K.) and
stored under refrigerated conditions until regrowttential was assessed. Samples
were incubated at 22°C without shaking. Bottles evepened daily to allow air
exchange. TCC and ICC measurements were perfoasiedscribed above at time 0
(within 24 hours after samples reached the laboyptand after 7 days or after

indicated time points (daily up to 10 days).

Our procedure was based on the use of readily ablailstandard industry plastic
sampling bottles although we acknowledge that entsi may be released from the
plastic material. Despite the absence of acid-wdsheat-furnished glass bottles free
of any assimilable organic carbon, the results wemmising and potential errors

would have affected all samples in the same way.

Standard microbiological analysis

Total viable counts (TVCs) of drinking water sangplgere determined by mixing 1
mL of sample into 18 mL of YEA (Yeast Extract Agagt. No. CM0019B, Oxoid
Ltd., Thermo fisher Scientific, Loughborough, U.KBlates were incubated at 37°C
for 48h and at 22°C for 72h. Membrane filtrationswesed to determine the presence
of coliforms ancE. coli in drinking water samples and raw waters by pas$D0 mL

of sample through a 0.4mm filter-membrane (Pall Corporation, Ann Arbor,
Michigan, USA) which was placed onto a MLGA plat®embrane Lactose
Glucuronide Agar, cat. No. CM1013B, Oxoid Ltd., Tim@ fisher Scientific,
Loughborough, U.K.). Plates were incubated at 3f@tCth and 37°C C for 14h in a

MIR-253 cyclic incubator (Sanyo-Biomedical, Loughbogh, U.K.).
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Chemical analysis

Determination of the pH of water samples was dagterchined using a ROSS Ultra
pH electrode (Thermo Fisher Scientific Ltd., Loughdugh, U.K.). The TOC content
was analysed using a Formacs high temperatureyttatabmbustion system (Skalar
Analytical B.V., Breda, Netherlands). Chloride, aomia, nitrite, SRP and TON were
determined by colourimetric analysis using a Agquaké00 discreet analyser

(Thermo Fisher Scientific Ltd., Loughborough, U.K).
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2.4 Results

Comparison of bacterial viability and chlorine residuals

Over a period of 7 months water samples were tdi@n 3 different distribution
systems in the Scottish Water network. By examinihg total and intact cell
population in each sample the viability of bactecells was determined. In figure 1
the percentages of intact cells are shown togethigr the corresponding chlorine
residuals. As distribution system 1 utilises chieras a disinfectant the free chlorine
residual in shown. It becomes clear that as long fise chlorine level of above 0.5
mg/L in system 1 is maintained the percentagesnt#ct cells stay below 15%,
whereas a drop beneath 0.5 mg/L results in highasilities of up to 100%. The
water samples that were taken directly after thatinent process (FW1) showed the
highest disinfectant residual as well as the lovbesterial viability. It is also shown
that when the water enters the system and reableesetvice reservoirs (SRs) the
chlorine residues decrease and the viability irsweaAs distribution systems 2 and 3
apply chloramine as disinfectant the percentagestatt cells were plotted with the
corresponding total chlorine residuals. In genesgétems 2 and 3 show both lower
viabilities throughout its networks than systenwhgreas system 2 seems to be more
stable than system 3. The majority of samples itn lsgstems showed viabilities of
cells of less than 15%. On occasion in system Rylaeh percentage of intact cells of
up to 30% was found when the total chlorine redidinapped below 0.8 mg/L. The
same could be observed in system 3 where vialilit@uld reach more than 50%
when the total chlorine dropped below 0.8 mg/L. Tdidorine residuals in all 3
distribution systems were highest in samples takeactly after the treatment process
and the viability of cells was lowest in these skwpaken in the drinking water

plants.
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Figure 1: Percentages of intact cells and freerotéaesidual (system 1) and total chlorine redidsystems 2 and 3) in 3 different distribution
systems in the Scottish water network. Samples veduen from different service reservoirs (SR) ia fystems as well as from drinking water

treatment plants (FW).
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Interestingly, in comparison with the chloraminaggtems, the system disinfected
with chlorine showed much higher viabilities oflsgkhe majority of which between

20 and 80%.

Correlation between standard plate counts and flow cytometric analysis of
bacteriological failures

Water samples from within the Scottish Water disttion system were routinely
tested for HPCs and faecal indicator bacteria usiagjtional plating methods. Until
results were determined, the samples were storddGin the cold store. Samples
that showed growth of one or more cfu of colifororsE. coli per 100 mL sample
volume were considered a bacteriological failuiguFe 2 (A) shows results obtained
with traditional plate counts. Counts were found/émy considerably between 1 and
50 coliforms and 1 and 24 incidences Ercoli. HPC counts tended to vary even
more between 0 and 192 counts when plates werdated at 22°C and between 0
and 74 incidences when incubated at 37°C. No appa@relation between HPC
counts and. coli and coliform counts were observed. In figure 2t{i) free chlorine
residuals of the failed water samples are showethmy with percentages of intact
cells. In cases where the free chlorine residual wgher than 0.5 mg/L the majority
of percentages of intact cells tended to be bel6%,lwhereas a dramatic increase in
viability could be observed as soon as the freercte residual dropped below 0.5
mg/L. In general, the majority of bacteriologicaligiled samples showed free

chlorine residuals lower than 0.5 mg/L and viaigiitof higher than 20%.
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Kinetic study of 3 distribution systems

Over a period of 7 months samples were regulakgrtafrom a variety of service
reservoirs (SR) and water treatment plants (FW3 iselected distribution systems
within the Scottish Water network. Flow cytometaicalysis determined the total and
intact cell concentrations of these samples. largB the average total and intact cell
numbers are shown for each sampling point and ewenyth. Total cell numbers in
distribution system 1 showed considerable varialietween 5 x 0and 1.23 x 10
cells per mL throughout the examined time periotle Bamples taken from the
treatment plant (FW1) consistently expressed tgbdst total cell numbers, whereas
the numbers from samples taken from the differentise reservoirs (SRs) displayed
fewer total cells. Distribution system 2 showedsleariation of total cells and tended
to be more stable than system 1. In comparisonigiitslition system 1, system 2
showed significantly higher total cell counts betwes x 18 and 4.5 x 1Dcells per
mL. Again the samples taken from the treatmenttpansistently showed the highest
bacterial numbers. Throughout the 7 month investgaperiod there was only little
variation in cell numbers in all examined SRs aldsFand cell concentrations tended
to be stable. Distribution system 3 is suppliedhwdtinking water by 2 treatment
plants. Interestingly, the lowest cell numbers fwver the 7 month consistently
were found in water which was sampled from the sdctveatment work (FW2)
whereas the highest numbers sould be found in ssnigdm the first treatment plant
(FW1), with cell numbers varying between 1.5 X Hhd 4.5 x 10 cells per mL.
TCCs determined from the different service resesvt@nded to be stable on the same

level through the 7 month period.
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Initially, the intact cell concentrations in digtion system 1 showed numbers
between 1.5 x F0and 1.5 x 1®cells per mL. Over the first 3 months only slight
variations were recorded and numbers tended totddges A rise in intact cell
numbers could be determined beginning from July328&d the concentrations of
intact cells found in the service reservoirs showedre variation. Only slight
increases in intact cell concentrations were resmrgith the exception of SR7, which
from July until October (no data recorded in Sefternshowed considerably higher
intact cell concentrations than the average in #ystem. Initial intact cell
concentrations in distribution system 2 were higbempared to system 1 ranging
between 1 x 10and 1.2 x 1bcells per mL. No significant decreases or increase
intact cell concentrations were found over the 7nth® and overall intact cell
numbers were stable in distribution system 2, with exception of SR7, which
showed a concentration of 9.5 x°1€ells per mL in September 2013. The initially
high variation in cell numbers decreases over theiith period and ranged between
5 x 10°and 1.4 x 16 cells per mL in October. Distribution system 3 whd the
highest variation in intact cell numbers throughthé 7 month period. The lowest
overall numbers were found in samples taken froensécond treatment plant (FW2)
ranging from 8 x 1bto 1.4 x 16 cells per mL. SR1 showed the highest recorded
intact cell concentrations in this system between1®’ and 8.8 x 1Hcells per mL.
Again, over the 7 month period the intact cell antcation tended to be stable with
only few changes in numbers, but the high variatonumbers between the different

sampling points was maintained throughout.
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Determination of the regrowth potential of 5 treated waters

5 finally treated waters from different drinking t®atreatment plants in the Scottish
Water distribution network were examined for theigrowth potential over a 10 day
period. In addition chemical analysis assessedntiteent concentration of these
water samples. The TCC and ICC were assessed Wwycfftometric analysis. Initial
total cell numbers varied ranged between 9.4%c#0s per mL in FW5 and 2.4 x 10
cells per mL in FW4. Whereas FW4 is the only santipé showed a decrease in total
cell concentration from 2.4 x Y@ell per mL to 1.4 x 10cells per mL over the 10 day
time period, the other 4 samples showed an incr@adetal cell numbers, with
samples showing the lowest initial numbers showitihgg highest increase.
Interestingly the variation between the cell nursbef the samples decreases over
time and the samples show more similar cell comagénhs between 6.7 x 1@nd 1.7

x 1P cell per mL after the 10 days, with the except@mnFW3 which showed
considerably higher numbers with 8 x ®1@ells per mL. Initial intact cell
concentration also showed huge differences withreehbers ranging from 1 x 10
cells per mL in FW3 to 7.4 x focells per mL in FW4. All samples showed
significant increases in cell numbers after 3-4sdafyincubation. A stagnation of the
increase in intact cell numbers was found afteaysdf incubation and cell numbers
ranged, with only minor alteration from day 7 toydeD, between 6 x £and 1.5 x
10° cells per mL. The only exception again was foundample FW3, which showed

no stagnation in bacterial multiplication afterayd.
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Whereas FW4 is the only sample that showed a dezneatotal cell concentration
from 2.4 x 18 cell per mL to 1.4 x 10cells per mL over the 10 day time period, the
other 4 samples showed an increase in total ceflbeus, with samples showing the
lowest initial numbers showing the highest increakgerestingly the variation
between the cell numbers of the samples decreasegime and the samples show
more similar cell concentrations between 6.7 xdfd 1.7 x 10cell per mL after the
10 days, with the exception of FW3 which showedsterably higher numbers with
8 x 10 cells per mL. Initial intact cell concentratiorsalshowed huge differences
with cell numbers ranging from 1 x 16ells per mL in FW3 to 7.4 x $@ells per mL

in FW4. All samples showed significant increasesetfl numbers after 3-4 days of
incubation. A stagnation of the increase in intzdt numbers was found after 7 days
of incubation and cell numbers ranged, with onlyonialteration from day 7 to day
10, between 6 x f0and 1.5 x 1®cells per mL. The only exception again was found
in sample FW3, which showed no stagnation in badtetultiplication after 7 days.
A final concentration of intact cells in sample FWas determined to be 9 x°1€ells
per mL which was significantly higher than in théher samples. The chemical
analysis of the nutrient levels in the water samp¥as performed on day 0 for initial
levels and on days 7 and 10 to monitor changesnboe of the sampling sites any
NO, levels were recorded. Huge variations in the CQiteot were found between the
different waters with FW4 showing the highest conications of up to 25 mg per L.
The TON levels were on the same level in all sasplgh only minor variation
except for FW2 in which interestingly no TON wasorled at all. The TOC levels
within the samples varied between 0.76 and 3.4 end_pFWs 1-3 showed increasing
values of TOC only on day 7 whereas in FW 4-5 theCTlevels maintained its initial

level. The pH values of the water samples all wasble between 7.75 and 8.64.
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Interestingly, only FW 3 and 4 contained any Nkl very low concentrations of 0.38

and 0.34 mg per L which decreased over time to &re60.31 mg per L.

Determination of regrowth potential of 42 untreated waters

A number of different raw water samples were selkeiccording to their plate counts
and were examined for their regrowth potential leyedmining their TCC and ICC.
Samples were analysed using flow cytometry to date the initial cell
concentrations and then stored for 7 days at 22@iincubator. After incubation the
cell concentrations were assessed again. Regravéimimls then were determined by
examining the changes in TCC and ICC after the y idaubation period. Huge
variations were found in coliform and E. coli countthe 42 different raw water
samples as shown in figure 5. Coliform counts rdnigetween 0 in RW1 and RW2
and 7 x 16 in RW42 per 100 mL and counts determining the ges ofE. coli
ranged from 0 in RW1 to 1.7 x 4@er 100 mL in RW 35. No apparent correlation
between counts d&. coli and coliform bacteria could be established altidggcoli
incidences tended to be more common in samplesispgawgher coliform counts.
The flow cytometric analysis of the regrowth poiaintevealed huge variations in the
different raw water samples. Some samples, espethiase with lower plate counts
showed an increase of total and intact cell comagahs, whereas others, mainly
those with medium and high plate counts showedceedse in cell numbers. Some of
the samples showed massive decreases (8 cell® per mLin RW 19) or increases (4
x 1 cells per mL in RW 10) whereas other raw waters\&d only minor alteration
in their bacterial populations (RW 6 and RW 29).e@l there is no apparent

correlation between plate counts and flow cytoretata.
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Change in TCC and ICC and corresponding plate counts in different raw waters
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Samples arranged by increasing coliform counts. gksnwere chosen based on plate counts. Sampligg svere anonymised.
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2.5 Discussion

Over a period of 7 months the microbiological wateality was assessed, using flow
cytometry as a rapid tool to determine the badtep@pulation of a sample
irrespectively of culturability, in 3 different dr#bution systems in the Scottish Water
network. Two of these systems utilized chloramirse aadisinfectant and in one
system, chlorine was used for disinfection. It i@snd that when the free chlorine
residual dropped below 0.5 mg per L the viabiliédacterial cells were between 20
and 80%, occasionally reaching 100%. In the chlamated systems elevated
viabilities were found when the total chlorine angples dropped below 0.8 mg per L.
Comparing flow cytometric data to traditional pla@unts of bacteriological failures,
it was found that the majorities of failures showeabilities of bacteria in excess of
20% and free chlorine residuals below 0.5 mg peAlthough no direct correlation
between the number of colonies using plate couniad in the failed samples and
flow cytometric analysis could be established,ah de hypothesized that increased
viabilities of bacteria in the distribution systeminfluenced by the depletion of the
disinfectant which then makes waters prone to espee bacteriological failures.
The depletion of the disinfectant in a distributigystem has earlier been shown to
result in an increase of bacteria by Servais €2804).

Substantial differences in the stability of wateald be found by comparing the 3
different networks. System 2, over the 7 monthsgéel to be the most stable in total
and intact cell concentrations, although showingsesiently the highest cell numbers
with the lowest percentage of intact cells. Systeéinand 3 both showed more
variation in cell numbers in between the sampliomts and both experienced higher
cell viabilities. Historic data from Scottish Watsihows that distribution systems 1

and 3 both experienced significant numbers of bttgical failures in recent
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months and years, whereas system 2 is considexedyastable network that only
very occasionally experiences such failures. Thippserts the theory that high
viabilities in distribution systems make water poto experience bacteriological
failures. High numbers of intact cells within atdisution system is influenced by
depletion of the disinfectant which then in turnakles bacterial multiplication.

Regrowth in distribution network is promoted by #nailability of energy sources in
the system such as nutrients and carbon sourceseTgrowth promoting factors can
be found in the treated water as nutrients notieated by the treatment, chemicals
or coagulants used in the treatment process omgipnaterials used for the
construction of the distribution network (LeCheiwall2003, Bucheli-Witschel et al.

2012, van der Kooij and Hijnen 1985). The regroptientials of 5 treated water
leaving different drinking water treatment plantsnfi the Scottish Water network
were assessed. No conclusive change in nutriemslesould be established. All
waters showed significant regrowth of bacteria diaer10 day incubation period and
a considerable change in the viability of the ceilas found from initial low

percentages of intact cells to viabilities of mdran 90% after incubation and
depletion of the disinfectant. This showed thateotie chlorine levels were depleted
the bacteria present in the samples were not areymmbibited and started utilising

the provided nutrients to multiply. It has furthbeen shown that the regrowth
potential of the waters does not directly dependhensource waters by comparing
the regrowth potentials of treated waters FWs grawth potentials of raw waters
RWs. The raw waters did not experience such samfiincreases in cell numbers or
viabilities. Being not depleted of most of the matbacterial population more cells

were competing for nutrients and therefore thewaters tended to be more stable.
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In conclusion, the presented data supports previbodings that bacterial
concentrations in drinking water depend on thentksitant residual. Our findings
suggest that a target disinfection residual of @adg/L free chlorine in chlorinated
systems and 0.8 mg/L in chloraminated systems baset maintained to prevent
elevated intact cell concentrations. The study hierrtunderlines that regrowth
potentials of waters do not depend on the waterceobut rather on the efficacy of

the treatment process.
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Conclusion

The two studies undertaken during this project dingecontribute to the acceptance
of FCM as an operational tool for water qualityesssnent. Whereas the first study
focussed on the customer’s perspective, the sestuaty had its focus on the water
suppliers perspective and aimed to promote FCM decesion making tool. The data
collected from the experiments suggest that a tahgenfection residual of 0.5 mg/L
free chlorine in chlorinated systems and 0.8 mg/chloraminated systems has to be
maintained to prevent elevated intact cell conegiatns. Although elevated intact cell
concentrations do not automatically suggest a tskhuman health, they are an
indication for an insufficient disinfection proceds those distribution systems then
the presence of pathogens combined with insufficisinfection and unsuppressed
regrowth may lead to health risk upon consumpfidre study further underlines that
regrowth potentials of waters do not depend onwheer source but rather on the
efficacy of the treatment process. Another impdrfantor contributing to the intact
cell numbers is stagnation of the water. Especiallyre piping material in customers
houses, where the chlorine level tends to be twvedtg water stagnation was found to
have a dramatic effect. Although further studies mecessary, the collected data
indicates that the proportions of intact cells dhdir correlation with disinfectant
levels together with the regrowth potential mayrbere reliable than the currently
used standard tools and when gaining more acceptaight replace older methods

such as HPCs.
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