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status of water, the biological regrowth potential, greatly varied among different finished
waters providing potential help for investment decisions. For its measurement, a simple
method was introduced that can easily be performed by water utilities with FCM capability.
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ageing drinking water infrastructure. In the absence of faecal
indicators in treated water, heterotrophic plate counts (HPCs)

o ) ) . ) ) constitute a standard tool to assess general microbiological
Monitoring the' microbiological cl'eanhne?s's ar}d hygiene of  gyqa)ity (Bartram et al., 2004; Robertson and Brooks, 2003).
water distribution systems (WDS) is of critical importance to

protect public health especially in times challenged with

1. Introduction

Although not an indicator of adverse human health effects,
increases in counts can indicate problems with raw water

* Corresponding author. Cranfield Water Science Institute, School of Applied Sciences, Cranfield University, Cranfield, Bedfordshire
MK43 0AL, United Kingdom. Tel.: +44 1234 750 111x3358.

E-mail addresses: andreas.nocker@gmail.com, a.nocker@cranfield.ac.uk (A. Nocker).
http://dx.doi.org/10.1016/j.watres.2014.07.029

0043-1354/© 2014 Elsevier Ltd. All rights reserved.


mailto:andreas.nocker@gmail.com
mailto:a.nocker@cranfield.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2014.07.029&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
http://dx.doi.org/10.1016/j.watres.2014.07.029
http://dx.doi.org/10.1016/j.watres.2014.07.029
http://dx.doi.org/10.1016/j.watres.2014.07.029

WATER RESEARCH 65 (2014) 224—234 225

quality, water treatment, or in the distribution system (Health
Canada, 2012). HPC concentrations in distribution systems are
influenced by various water parameters including disinfec-
tant residual, availability of biodegradable nutrients, pipe
materials and roughness, surface area-to-volume ratios,
stagnation, temperature and hydraulic variations (Allen et al.,
2004; Carter et al., 2000; Chowdhury, 2012; LeChevallier, 2003).
Although HPC numbers can occasionally be elevated, opera-
tional decision makers are faced with the problem of long lists
of zero count samples. As distribution systems are obviously
not sterile, this reflects that the conventional approach is of
limited value as a diagnostic tool. Different factors can
contribute to the absence of counts including sublethal injury
(due to residual disinfectant), non-culturability of organisms
with commonly used growth media, inadequate growth
temperature or time or excess presence of non-heterotrophic
organisms (Health Canada, 2012). This together with the fact
that traditional HPC procedures enumerate only approx. 1% of
the total bacterial population in drinking water as observed by
direct microscopy (van der Kooj, 2003; Wagner et al., 1993),
makes more comprehensive cultivation-independent
methods appear attractive.

One of the most promising developments in microbiolog-
ical monitoring of water quality is flow cytometry (FCM).
Robust protocols are available that have undergone thorough
testing over the recent years (Berney et al., 2008; Hammes
et al., 2008). Applications range from assessing absolute
numbers of cells in different water types, monitoring treat-
ment efficacy, changes in microbial numbers with increasing
water age, or assessment of the physiological status of sub-
populations (Hammes and Egli, 2010a; Hewitt and Nebe-Von-
Caron, 2004; Wang et al., 2010). The success in academic
research and the availability of affordable instrumentation
has resulted in increased awareness of FCM in the water in-
dustry, which was greatly enhanced by the fact that
Switzerland as the first country incorporated FCM-based
standardized and validated method no. 333.1 for deter-
mining total cell counts and distinct bacterial populations in
freshwater into the Swiss Food Compendium as a recom-
mended test method (SLMB, 2012). The fast analysis time with
results available within 15-20 min compared to at least 2 days
for HPC assays increases the appeal. Bacterial numbers
detected in drinking water by FCM are typically several orders
of magnitude greater than the numbers of HPC (Hammes
et al., 2008; Hoefel et al., 2003).

Despite the promise of the method, applications to full
scale chlorinated/chloraminated distribution systems are
currently rare. This study aimed at gaining insight into dif-
ferences in microbiological water quality for three selected
distribution networks receiving water that has undergone
different treatment trains, supplemented with either with free
chlorine or chloramines as secondary disinfectants. Apart
from mere measurement of cell concentrations, we aimed to
define useful practical indicators for operational decisions.
Parameters measured included disinfectant concentrations
and concentrations of total and intact cells. As microbial
numbers can widely vary between different waters, the ab-
solute numbers of microorganisms were used to determine
the relative proportions of intact cells. The correlation be-
tween disinfectant concentrations and percentage of intact

cells was considered interesting as chlorine concentrations
had previously been shown to be inversely proportional to cell
survival (Helbling and VanBriesen, 2008). Moreover a simple
method to determine regrowth potential was applied to gain
further insight into how different raw and finished waters
compare.

2. Materials and methods
2.1. Samples and treatment trains

Water samples were taken from a variety of different Water
Treatment Works (WTW; samples referred to as Treatment
Works Final Water) and corresponding distribution systems/
service reservoir outlets in the Scottish Water distribution
network (treated distributed water). Free chlorine was used as
secondary disinfectant in distribution system I, chloramine in
systems II and III. System III received water from two treat-
ment works: WTW III-A and —III-B. All of these WTWs were
fed by surface water sources with treatment trains shown in
Table 1. In addition to Treatment Works Final Water, samples
from 11 service reservoirs for each of the three distribution
systems were considered in this study.

2.2. Sampling procedure

Sampling was performed according to Scottish Water sam-
pling procedures. Taps were flushed for 3 min and then flame
sterilized using a blow torch for 30 s. After flushing the tap for
an additional 30 s, water was sampled into sterile 500 mL
sample bottles (Aurora Scientific, Bristol, U.K.) containing pre-
aliquoted thiosulfate to eliminate residual disinfectant. Sam-
ples were stored and transported in a refrigerated van at 5 °C
(+3°C) and arrived in the laboratory within 24 h of sampling. No
data was available to allow accurate assessment of the dis-
tances from the treatment works to the sample points in the
network, due to the complexity of the distribution systems,
which meant that water could take differentroutes to the same
point depending on which valves were open or closed. Resi-
dence times are highly dependent on the water demand, which
in turn varies significantly according to factors such as weather
and fluctuations in the transient population.

2.3. Chlorine measurements

The measurement of free and total chlorine residuals was
performed at the time of sampling, using a pocket colorimeter
(Hach-Lange, Salford, U.K.) set to the Low (LO) range mode.
Sample cells were filled with 10 mL of water and any liquid
spills were wiped off the outside of the cells using paper tis-
sue. After reading the blank, the free and total chlorine DPD
powders were added to the samples and cells were gently
swirled for 30 s, followed by a 1 min incubation prior to
measurement.

2.4. Flow cytometric measurements

For measurements of total cell concentrations (TCC), SYBR
GreenI (10, 000 x stock, cat. no. S-7567; Life Technologies Ltd.,
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