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� Correlation between BRP and AOC was significant in either WTP or DWDS.
� Correlation between BRP and BDOC was more significant in WTP than in DWDS.
� High chlorine residuals largely suppressed bacterial regrowth in DWDS.
� Low chlorine residuals led to a positive correlation between AOC/BRP and HPC.
� Heterotrophic bacteria were limited compared to that when AOC was more than 135 mg/L.
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a b s t r a c t

Bacterial regrowth especially opportunistic pathogens regrowth and contamination in drinking water
distribution systems (DWDS) have become an emerging threat to public health in the whole world. To
explore bacterial regrowth and biological stability, assimilable organic carbon (AOC), biodegradable
dissolved organic carbon (BDOC) and bacterial regrowth potential (BRP) were evaluated in a full scale
DWDS and bench tests in South China. A significant correlation between BRP and AOC in both water
treatment processes (WTP) and DWDS was obtained. For BRP and BDOC, the correlation was more
significant in WTP than in DWDS. Both AOC and BRP were significantly correlated with UV254, total
organic carbon (TOC), and heterotrophic plate count (HPC) (p < 0.01), whereas BDOC was only signifi-
cantly associated with UV254, temperature and chlorine residual (p < 0.01). Through a bench test, when
chlorine was higher than 0.5 mg/L, the HPC level was low and AOC concentration almost unchanged. On
contrary the HPC level increased quickly and declined slightly, with chlorine lower than 0.15 mg/L, which
was in accordance with the large amount of biological stability data obtained from DWDS. Through
another bench test, the HPC level was positively correlated to AOC concentration and when AOC was
below 135 mg/L, the growth rate of HPC was low, which was verified by the analysis of biological stability
data from DWDS.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Bacteria in drinking water, especially opportunistic pathogens,
are of growing concern.Water-borne pathogens in DWDS can cause
many types of diseases such as acute gastro-intestinal disorder
).
(Wang et al., 2012, 2014a; Huang et al., 2014). Unwanted or
excessive bacterial growth in DWDS can cause deterioration of
microbial water quality during storage and transport (Prest et al.,
2016). Growth of bacteria on the inner pipe surface leads to the
biofilm formation, deteriorate water quality, and induce public
health issues (Wingender and Flemming, 2004; Ohkouchi et al.,
2011; Park et al., 2012; Liu et al., 2013). Biological stability, also
known as the tendency of microbial growth supported by water
and/or contact material, has been extensively investigated for years
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(Liu et al., 2013). Greater biological stability could be achieved with
fewer nutrients present in water (Lai et al., 2006; Lou et al., 2012;
Van der Kooij et al., 1989). One approach to assess biological sta-
bility is to quantify bacterial biomass (colony-forming units or CFU),
such as bacterial regrowth potential (BRP) (Sathasivan, 1999).
Another alternative suggestion is to quantify the changes of nu-
trients present in water, for instance assimilable organic carbon
(AOC1) (van der Kooij et al., 1982), biodegradable dissolved organic
carbon (BDOC) (Servais et al., 1987) in Table 1. Microbial growth in
distribution systems is affected by water quality variations and
multiple interactions between water, biofilms and sediments.
Number of methods has been developed recently to improve the
assessment and monitoring of the biological stability of drinking
water (van der Kooij et al., 2015; Prest et al., 2016).

In particular, AOC has been considered as an indicator that is
directly related to bacterial regrowth during water distribution (Yu
et al., 2011; Lautenschlager et al., 2013; Wang et al., 2014b). AOC
typically comprises only a small fraction (0.1%e9.0%) of total
organic carbon (TOC) (Escobar and Randall, 2001). This is deter-
mined by monitoring the changes of organics using two different
bacterial species (Pseudomonas fluorescens P17 and Spirillum NOX)
(van der Kooij et al., 1982; Van der Kooij and Hijnen, 1984), which
have different substrate specificities. The AOC measurement is
performed with specific organics such as acetate and oxalate as the
sole substrate, which may lead to different yield of biomass
depending on bacterial strains. The AOC level of 10 mg C/L or less
was proposed as the indicator for biologically stable drinking water
in Netherlands (Van der Kooij, 1992a,1992b). BDOC is the fraction of
DOC that can be assimilated and/or mineralized by heterotrophic
bacteria. Biodegradability of DOC is determined through measuring
the DOC consumption by microorganisms (Servais et al., 1987).
BDOC has been routinely used in water industry laboratories to
indicate the quality of drinkingwater and also to serve as ameasure
of biological stability (Huck, 1990; Kaplan and Rice, 1994: van der
Kooij and van der Wielen, 2013). Some reported values of BDOC
and AOC used as measures of biological stability are compared in
Table 2.

Despite their prevalence, these indicators are still limited by the
assumption that bacterial growth is associated only with organic
carbon sources (van der Kooij, 2000). The complex interactions
(competition, antagonism, symbiosis, and commensalism) among
the diverse bacterial strains in actual environments are not
resolved by the AOC assessment (Sathasivan, 1999). Therefore,
BDOC and AOC may not sufficiently and efficiently represent the
actual organic carbon levels and bacterial growth in water. The BRP
method relies on the total bacterial count of a water sample to
indicate biological stability (Sathasivan, 1999). BPR is achieved by
inoculating water samples with indigenous bacteria (Dixon et al.,
2012), followed by the incubation and the measurement of total
bacteria counts on R2A agar. Indigenous bacteria can utilize a much
broader and diverse kinds of organic carbon than a single pure
culture and it enables a more realistic interpretation of the actual
microbial activity (Hammes and Egli, 2005).

Water is generally recognized as relatively biologically stable if
its AOC concentration ranges from 50 to 100 mg/L (LeChevallier
et al., 1993; LeChevallier et al., 1996). In order to maintain water
in DWDS biologically stable, it must have an appropriate level of
1 Abbreviations AOC: assimilable organic carbon; BDOC: biodegradable dissolved
organic carbon; BRP: bacterial regrowth potential; HPC: heterotrophic plate count;
CFU: colony-forming units; TOC: total organic carbon; DWDS: drinking water dis-
tribution system; WTP: water treatment plant; RW: raw water; POCR: pre-
ozonation contact reactor; CST: coagulation sedimentation tank; SF: sediment
filtration; OCR: ozonation contact reactor; BAC: bacterial activated carbon; FW:
finished water.
chlorine residual (LeChevallier et al., 1996) or 10e20 mg/L of AOC
concentration without chlorine (van der Kooij, 2000).

Heterotrophic plate count (HPC) was often used as an indicator
of the drinking water quality (Uhl and Schaule, 2004; Liu et al.,
2015) (Franson, 1995; WHO, 2011). The limit was set to 500 CFU/
mL for the HPC (R2A) 7-day incubation. Escobar et al. (Escobar and
Randall, 2001) showed a strong positive association between the
HPC and AOC, and aweak positive correlation between the HPC and
BDOC. Carter et al (Carter et al., 2000). demonstrated no significant
correlations between AOC and HPC; while Zhang and DiGiano
(Zhang and DiGiano, 2002) observed weak negative to weak posi-
tive correlations among these factors. For which, it indicated that a
high residual chloramine (>2 mg/L) could effectively repress mi-
crobial activity in waters even at high AOC levels. The reason for
different results achieved by different researchers was that the
interaction between the promotion of nutrients to support bacterial
regrowth and the inhibition of chlorine residual to limit bacterial
regrowth need to be considered together.

No existing method is capable of reflecting the biological sta-
bility completely. In China, most research studied on AOC levels in
WTP and DWDS(W.J. Liu et al., 2000), few studies took BDOC and
other indicators to reflect biological stability of drinking water
based on a large amount of biological stability continuous moni-
toring data. Furthermore, few studies compared the interrelation-
ship or correlations between these different evaluation methods of
biological stability based on monitoring data in previous research.
We performed a comparative study on biological stability of a full
scale water distribution system in south China using AOC, BDOC,
and BRP indicators and explored the correlations between them.
The research is expected to (i) evaluate the biological stability in a
full-scale DWDS; (ii) explore the correlation among BRP, AOC, BDOC
and water quality; (iii) reveal the interaction mechanism among
AOC, HPC and chlorine and disinfectant effect on bacterial regrowth
in DWDS.

2. Materials and methods

2.1. Preparation of carbon-free materials

Carbon-free bottles and vials were prepared using the method
of Hammes (Hammes et al., 2010). All glassware was first washed
with detergent and rinsed three times with deionized water. Then,
the glassware was submerged overnight in 0.2 N HCl and subse-
quently rinsed with deionized water again and then air dried.
Finally, the bottles were baked in a Muffle furnace at 500 �C for at
least 6 h. Teflon-coated screw caps for the glassware were washed
and treated with 0.2 N HCl.

2.2. Layout of full-scale drinking water treatment plant and
sampling sites

As is shown in Fig. 1, effluent water samples collected from
treatment train of two water treatment plants (WTPs) and twelve
sampling sites of the water distribution system in south Chinawere
chosen. The first WTP (WTP1) is conventional (i.e., pre-ozonation
coagulation, flocculation, filtration, treated water) and the second
WTP (WTP2) employs advanced processes (i.e., pre-ozonation
coagulation, flocculation, filtration, ozonation and bacterial acti-
vated carbon (BAC)-filtration treated water). The operational pa-
rameters of two WTPs were shown in Table S1. Twelve sampling
sites of the water distribution system were chosen. The sites 1 to 5
were from the conventional WTP1, while the sites 6 to 12 were
from the advanced WTP2. Characteristics of sampling sites in
DWDS can be seen in Table S2. Raw water and the effluent of the
pre-ozonation contact tank (a horizontal sedimentation tank), sand



Table 2
Reported biological stability guidelines for AOC and BDOC.

Reported value Literature Reported value Literature

AOC (without chlorine) 2e311 mg/L Hammes et al. (Hammes et al.,
2010)

32 mg/L Hammes et al. (Hammes et al., 2010)

4e130 mg/L Ross et al. (Ross et al., 2013) 10 mg/L Van der Kooij et al. (van der Kooij,
1992a, 1992b)

4.6 and 5.3 mg/L Boe-Hansen et al. (Boe-Hansen et al.,
2002)

AOC (with chlorine) 92e482 mgC/L Liu (Liu et al., 2002) 50e100 mg/L (>0.1 mg/LCl2) Lechevallier et al. (LeChevallier et al.,
1987; LeChevallier et al., 1992;
LeChevallier et al., 1993)

36e446 mgC/L Thayanukul (Thayanukul et al.,
2013)

10.9 mg/L (0.05 mg/LCl2) 33.6 mg/L
(0.1 mg/LCl2)

Yumiko Ohkouchi et al. (Ohkouchi et al.,
2013)

Average AOC concentration
was 174 mgC/L in winter and
60 mgC/L in summer

Yumiko Ohkouchi (Ohkouchi
et al., 2011)

200 mg/L (In China) HongWei Wu (H.W. Wu and Zhang,
1999; W.J. Liu et al., 2000)

BDOC <0.1e1 mg/L, typically
0.24e0.32 mg/L

Kaplan et al. (Kaplan et al.,
1994), Volk
and LeChevallier (Volk, 1999)
Bachmann
and Edyvean (Bachmann and
Edyvean, 2005)

0.15 mg/L Servais et al. (Laurent et al., 1997)
0.15 mg/L at 20 �C; 0.30
mg/L at 15 �C

Volk (Volk, 2000)

0.25 mg/L Niquette et al. (Niquette et al., 2001)

Table 1
Comparison of measurement methods for BRP, AOC, and BDOC.

Method BRP AOC BDOC

Inoculation Indigenous bacteria Pure bacteria Indigenous bacteria
Incubation temperature 20 �C 20 �C 22 �C-25 �C
Incubation time 5e7 d 3e5 d 28 d
Results Total microbial count Total microbial count Difference between initial DOC and final DOC
Expression Cell per milliliter Acetate carbon Organic carbon
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filter, ozonation contact tank, biological activated carbon (BAC)
filter, and the pumping station in WTP2 were also collected to
evaluate biological stability of effluent from different water treat-
ment processes.

2.3. Water quality analysis

Water quality measurements include temperature, residual
chlorine by HACH Pocket Colorimeter II, ammonia nitrogen and
UV254 by Shimadzu UV2550 spectrophotometer, TOC by ligni TOC
trace, turbidity (NTU) by HACH 2100AN and CODMn by Titration.

2.4. Biological stability evaluation

AOC method was determined with an assay which was
described by Liu et al. previously (Liu et al., 2002). Briefly, within 6 h
after sampling, water samples were filled into 40 mL sample tubes
and heated at 70 �C for 0.5 h in order to destroy vegetative cells.
After disinfection, the tubes were allowed to cool to room tem-
perature before inoculation. Meanwhile, the samples were dech-
lorinated with 100 ml of 0.1 M thiosulfate solution. P. fluorescens
strain P17 was inoculated into the water samples at a final con-
centration of 10,000 CFU/mL. It was followed by the incubation at
25 �C for 3 days and counting CFU to determine the bacterial
growth. Subsequently, the same water samples were heated at
70 �C for 0.5 h to remove P17 before inoculating NOX strain. The
inoculated water samples were incubated at 25 �C for 4 days with
CFU again. The AOC concentrations were calculated by comparing
the CFU numbers and yield coefficients (Liu et al., 2002). Positive or
reference control experiments used 100 mg/L sodium acetate with
P17 inoculum that generally yielded AOC of 83.70 ± 16.00 mg/L as
acetate-C, while with NOX, AOC was determined to be
79.50 ± 11.30 mg/L as acetate-C. Biomass yield using the acetate
standard was 1.1 � 107 CFU/mg of acetate-C for P17 and
1.7 � 107 CFU/mg of acetate-C for NOX, which agreed well with the
referenced values as specified in the Standard Methods (van der
Kooij et al., 1982; Van der Kooij and Hijnen, 1984).

BDOC analysis was performed by the procedure proposed by
Servais et al (Servais et al., 1987). with minor modification. The
water samples were first filtered using microfilter, the filtered
water samples were distributed as 250 mL portions into 250 mL
glass tubes. Thiosulfate was added to remove residual chlorine
prior to inoculation with 2.5 mL of Taihu lake water with bacterial
inoculum measuring 4.5 � 105 CFU/mL. For each analysis, twelve
250-ml tubes were required. The initial DOC concentrations in the
tubes (parallels) were measured. After that the tubes were incu-
bated in the dark at 20 �C without agitation. Determination of
optimal growth time of BDOC is shown in Fig. S1 as supporting
information (SI). On day 28, the change between DOC0 and DOC28
was due to the biodegradation of organic carbon compounds.
Additional controlled experiments included ultrapure water blank
and DOC standard solutions.

BRP measurement followed the protocol developed previously
(Sathasivan, 1999). The BRP method, simply a bioassay, has the
following three basic steps; sample preparation, inoculation, and
maximum biomass measurement. A 100 mL of water sample was
collected into a test tube, continued by heating it at 70 �C for
30 min. Indigenous inoculum came from the raw water and was
filtered through (pre-washed with 300 mL MilliQ, 18MU, water)
2.0 mmpoly-carbonate membrane filter and incubated at 20 �C for a
few (normally 5) days until the maximum was reached. After that,
indigenous inoculum was added to the water samples and all
samples incubated at 20 �C. When the amount of biomass reached
its peak, it is then qualified to indicate the BRP (Dixon et al., 2012).
Direct total microbial count was used for biomass measurement
and results were expressed as CFU per milliliter, CFU/ml. HPC was



Fig. 1. Geographic locations of the two WTPs and the drinking water distribution in city of south China.
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performed on R2A agar at 22 �C for 7 d of incubation (Franson,
1995). The HPC for an untreated water sample was also deter-
mined whenwater sample was collected. Determination of optimal
growth times of BRP is shown in Fig. S1 in the SI.

2.5. Bench test

For the first bench test, Drinking water samples were acquired
from finished water from WTP2 in south China, and water was
flushed for 15 min before sampling. 2 L of the sample was collected
at initial free chlorine concentrations of 0.75 mg/L. Nothing was
added to the sample, and it was incubated at 25� in the dark. Lastly,
wemeasured the HPC, free chlorine, AOC and BRP at 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 14, 28, 29, 30days.
For the second bench test, the bench test was developed to
investigate the relationship between HPC and AOC in drinking
water. Before test, the excess dosage of nutritional components was
added to make the water samples of BRP values are not affected by
the interference of other nutrients in the water, the nutrients and
dosage were shown in Table S2. This test used BRP inoculum for
inoculation, the inoculumwas added towater samples and samples
were incubated at 25� in the dark, the experiment did twice in
different months.

2.6. Data presentation and calculations

Correlations were derived from linear regression analysis and
expressed as Pearson’s r values. Monitored data (12 months for
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WTP1 and WTP2) was regressed using Origin 9.1 and SPSS version
18.0. A correlationwas regarded as significant when the P valuewas
below 0.01.

3. Results and discussion

3.1. Biological stability indicators

As was shown in Fig. 2, the biological stability of the full-scale
DWDS was investigated all year round. BRP concentration ranged
from 2.01� 104 to 4.51 � 105 CFU/mL (Fig. 2a). BDOC concentration
diverged within the range of 0.152e0.508 mg/L (Fig. 2c), and the
AOC concentrations ranged from 40.5 to 307.9 g/L. The average
values of AOC, BRP and BDOCwere 106.6 mg C/L, 2.25� 105 CFU/mL,
0.39 mg/L in the winter season and around 124.6 mg C/L,
2.16 � 105 CFU/mL, 0.38 mg/L in the summer season (Fig. 2b). The
variations were mostly ascribed to water quality changes by
Fig. 2. Variation of different biological stability evaluation indicators during drinking water
were from DWDS. RW (raw water), POCR (pre-ozonation contact reactor), CST (coagulatio
(bacterial activated carbon), and FW (finished water).
different water treatment processes. After coagulation, sedimen-
tation, and filtration, the BRP, AOC, and BDOC levels decreased. On
the other hand, after main ozonation process, BRP, AOC, and BDOC
increased slightly. After BAC, BRP, and BDOC decreased, AOC
remained unchanged or declined slightly. Finally, after chlorination,
BRP and AOC both increased. However, BDOC did not change
significantly. The BRP levels of the raw water and finished water
were almost equal, in contrast the AOC level rose and the BDOC
level decreased. This result indicates that the water treatment
process allowed the passage of AOC more than BDOC or that a
significant proportion of new AOC were generated (e.g., oxidation
products). Coagulation, sedimentation, filtration and BAC processes
decrease AOC, BDOC and BRP levels; however oxidation processes
(ozonation and chlorination) create AOC and BDOC, thereby
increasing the overall bacterial growth potential of water (von
Gunten, 2003; Hammes et al., 2006, 2007). The limited effect of
oxidation processes on AOC removal was also noted, which was
treatment process in different months Symbols: (a), (b), (c) were from WTP; (d), (e), (f)
n sedimentation tank), SF (sediment filtration), OCR (ozonation contact reactor), BAC
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consistent with the findings of Ohkouchi et al. (Ohkouchi et al.,
2011).

At different sampling sites in DWDS, the BRP concentrations
ranged from 8.01 � 104 to 4.45 � 105 CFU/mL with high levels in
spring and autumn, and low levels in November (Fig. 2d). AOC
concentration changed between 65.71 mg/L and 215.61 mg/L with
the lowest level in October (Fig. 2f). The BDOC concentrations
changed between 0.113 mg/L and 0.681 mg/L with high levels in
September and October probably due to the sludge release in
September in Taihu Lake (Fig. 2e). The AOC values in DWDS were
higher than that of finishedwater. For sampling sites from 1 to 5 the
average AOC level was higher than that of sampling sites from 6 to
12, which means the biological stability of water from advanced
water treatment plant was higher than that from conventional
water treatment plant. The obtained AOC values were much higher
than the AOC level of 10 mg C/L proposed by van der Kooij (Van der
Kooij, 1992a, 1992b) for biologically stable water in non-chlorinated
systems. The AOC levels in DWDS were higher than 100 mg C/L,
Fig. 3. (a) Correlation between BDOC and BRP and (b) between AOC and BRP in water distri
(d) between AOC and BRP in WTP 2 (the seven sampling sites) (e) Correlations between AOC
distribution system (the twelve sampling sites). The solid line means the regression lines re
not statistically significant.
which was proposed as a criterion to prevent regrowth of coliforms
in chlorinated systems by LeChevallier et al. (LeChevallier et al.,
1996). As illustrated in Fig. 2, AOC and BRP showed a similar
overall pattern either across WTP or in DWDS, although BDOC
differed dramatically from the former two indicators.

3.2. Correlations between AOC, BDOC, and BRP and other water
quality indicators

In the DWDS, the correlation between BRP and BDOC was not
significant as shown in Fig. 3a (r ¼ 0.11; n ¼ 144; p > 0.05). Fig. 3b
shows the interrelation between BRP and AOC to be significant
(r ¼ 0.39; n ¼ 144; P < 0.01). Fig. 3c and d shows the relation be-
tween BRP and BDOC or between BRP and AOC were both signifi-
cant for different water treatment processes (p < 0.01). Fig. 3e
shows the association between AOC and BDOC to be significant for
different water treatment processes (r ¼ 0.61; n ¼ 144; p < 0.01).
The interaction between AOC and BDOC was not significant in
bution system (the twelve sampling sites) (c) Correlations between BDOC and BRP and
and BDOC in WTP 2 (the seven sampling sites) and (f) between AOC and BDOC in water
present statistically significant correlations; the dash line means the correlations were



Fig. 4. Disinfectant effects on bacterial regrowth in a 30 days bench test. (a) Correla-
tion between AOC and HPC; (b) Correlation between BRP and HPC in water distribution
system (the twelve sampling sites).

Table 3
Correlation coefficients between the measurement data by BRP, AOC, and BDOC
methods.

AOC BRP BDOC

Turbidity (NTU) �0.07 �0.02 0.19*
CODMn (mg/L) �0.10 �0.06 0.02
Ammonia nitrogen (mg/L) �0.08 �0.15 0.12
UV254 0.28* 0.25* ¡0.36*
Chlorine residual (mg/L) �0.03 �0.07 ¡0.19*
TOC(mg/L) 0.29* 0.26* 0.13
HPC(CFU/mL) ¡0.18* ¡0.18* 0.09
Temperature (�C) �0.05 �0.01 0.29*

A correlation coefficient of 1.0 (or �1.0) indicates a perfect relationship. A positive
coefficient indicates that as one variable increases, so does the second. A negative
correlation shows that as one variable increases, the second decreases.
*Means the correlation was significant.
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DWDS (r ¼ 0.06; n ¼ 144; p > 0.05) as shown in Fig. 3f. Clearly, BRP
well correlated with AOC in the full-scale water distribution sys-
tem, while BRP could only associate with BDOC in water treatment
processes. The positive relation obtained between the raw and
drinking water samples supported that the water quality in DWDS
is primarily governed by biological organic matter in raw water. As
demonstrated in Fig. 3, for water distribution systems neither AOC
nor BRP correlated with BDOC but a significant correlation was
obtained between AOC and BRP. BDOC has detection limits that are
at least an order of magnitude greater than AOC and BRP. Therefore,
AOC and BRP might be effective and practical way to evaluate
bacterial regrowth, which can reflect the water biological stability
more flexibly. Table 1 summarizes the differences of threemethods.
Given the labor- and cost-intensive nature of each assay, a relevant
issue is whether an assay alone is sufficient to indicate bacterial
regrowth potential. BDOC and AOC quantify available carbon for
bacterial growth, whereas BRP is a direct measurement of bacterial
growth. As AOC is typically quantified by two specific strains of
bacteria, P17 and NOX, AOC may better represent the specific
groups of simple organic compounds (e.g., carboxylic and dicar-
boxylic acids). Van der Kooij (van der Kooij, 2000) suggested that
BDOC could not predict the potential of bacterial regrowth because
no significant correlation was found between this parameter and
heterotrophic bacterial levels. The probable reasons are that the
detection limit of the BDOC bioassay (0.1e0.2 mg/L) is too high for
water samples. By contrast, the BRP method can reach lower
detection limit of less than 100 mg/L of AOC as acetate-carbon. The
experimental results demonstrated that BRP was similar to AOC as
a simple operating method that detected bacteria regrowth po-
tential sensitively. As for these three methods, AOC was widely
used and suitable for different places, but difficult instrument
operation and pure species preservation was the problem. To most
WTP in China, it was a goodmethod, but not all WTPwas capable to
detect it. BDOC has the same problem; it is time consuming and
needs expensive equipment. BRP is easy to detect, but the rela-
tionship between BRP and AOC or BRP and BDOC should be
calculated firstly for different region to reflect AOC levels or BDOC
levels by detecting BRP.

Table 3 shows a number of significant statistical correlations
between the sampling data. According to the statistical analysis of
big data, both AOC and BRP were significantly associated with
UV254, TOC, and HPC (p < 0.01), whereas UV254, temperature and
chlorine residual demonstrated significant association to BDOC
(p < 0.01). HPC was significantly correlated with AOC, BRP, BDOC,
CODMn, ammonia, free chlorine and temperature. The relationship
between water quality parameters and biological stability evalua-
tion methods showed that HPC, organic carbon and chlorine was
themost important factors impact biological stability in DWDS. The
relationship between different water quality parameters and bio-
logical stability evaluation methods are shown in Figs. S2eS4 as
supporting information (SI).

3.3. Interaction mechanism among AOC, HPC and chlorine in DWDS

To explore particular biological stability situation of drinking
water in South China, water samples were collected from water
treatment plant and incubated at 25 �C without pasteurization,
results showed that AOC concentration of treated water decreased
quickly at first and reached to a stable situation after 30 days
(Fig. 4). The treated water with chlorine disinfectant inhibited
bacterial growth in the first four days with slight changes of AOC
concentration and HPC concentration with chlorine residuals
higher than 0.5 mg/L. The existence of a critical concentration in
this range is in line with reports from other authors (Gillespie et al.,
2014). Finished water or water with high free chlorine residual
displayed low proportions of intact cells, their relative numbers
strongly increased in the distribution system when free chlorine
residual dropped below 0.5 mg/L (Gillespie et al., 2014). From the
fourth day to tenth day the chlorine declined quickly, and the AOC
concentration of treated water decreased significantly and bacteria
began to regrow, when chlorine was lower than 0.5 mg/L and
higher than 0.15 mg/L, the result identified in this study is in very
good agreement with guidelines. In low risk piped distribution
systems, a free chlorine residual range of 0.2e0.5 mg/L should be
maintained at all points in the supply (WHO, 1997) (Staff, 1997).
From tenth day to thirtieth day the chlorinewas less than 0.15mg/L,



Fig. 5. (a) and (b) Chlorine residuals effects on AOC versus HPC in DWDS. (c) and (d) Chlorine residuals effects on BRP versus HPC in DWDS. The solid line means the regression lines
represent statistically significant correlations; the dash line means the correlations were not statistically significant.

Fig. 6. Correlation of AOC and HPC in the second bench test.
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and HPC concentration increased quickly and decreased slightly
after 20 days, while AOC concentration decreased. The variation of
BRP concentration was also studied and it was similar to the vari-
ation of AOC in treated water within 30 days.

In the actual DWDS, the chlorine would interact with pipe
material, biofilms and other components of drinking water as water
flows, thus the chlorine residuals decreased fast and reaction
among AOC, HPC and chlorine residuals would be accelerated. As a
result, the reaction time of whole procedure would be shortened.

When chlorine residuals were higher than 0.5 mg/L in DWDS,
the average HPC level was 216 CFU/mL, however, average HPC level
was 6752 CFU/mLwith chlorine less than 0.15mg/L. The correlation
between AOC and HPC in DWDS in this study was a weak negative
interaction when chlorine residuals were more than 0.15 mg/L
(R ¼ 0.10; p < 0.01; n ¼ 72) (Fig. 5) and HPC had a significant cor-
relationwith AOC when chlorine residuals were less than 0.15 mg/L
(R¼ 0.68; p < 0.01; n¼ 72). This is probably because when chlorine
residuals were more than 0.15 mg/L, the inactivation rate of bac-
teria by chlorine disinfectant could be equal to, or exceed the
growth rate of bacteria in the samples which was also shown in
bench test. Conversely, when chlorine residuals were less than
0.15 mg/L, the AOC tended to promote microbial growth. Similarly,
approximately 81% and 93% of Hartmannella vermiformis were
positive in biofilm and water samples, respectively, when the
chlorination residual was �0.1 mg/L (Wang et al., 2012). Chlorina-
tion or chloramination treatments were reported to exert a strong
selection process in themicroflora in drinking water (Poitelon et al.,
2010). The free chlorine concentration was an important factor for
the variations in drinking water microflora (Hwang et al., 2012).

For the purpose of studying the relationship between AOC and
HPC, pure water was used as water sample and nutrients were
added to thewater. Fig. 6 demonstrates that AOC levels greater than
135 mg/L led to high growth rate of HPC in the bench test. Therefore,
to limit the AOC level less than 135 mg/Lmight be a proper guideline
for DWDS. The result of bench test was verified by the analysis of
the biological stability evaluation data obtained from DWDS. Ac-
cording to LeChevallier et al.’s statistical analysis method
(LeChevallier et al., 1996) when free chlorine residual was less than
0.15 mg/L in water samples, AOC levels greater than 135 mg/L led to
high levels of HPC. For which, HPC level was 2.89 times higher than
that in chlorine-free systems with average AOC levels less than
135 mg/L. This AOC guideline concentration is lower than 200 mg/l
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proposed by Hongwei Wu(H.W. Wu and Zhang, 1999) in China and
is a little bit higher than 50e100 mg/l put forward by LeChevallier
(LeChevallier et al., 1996) in the U.S.A. The same relationship be-
tween BRP and HPC was achieved when BRP was less than
2.70 � 105 CFU/mL in this study. Water distribution systems dis-
infected by chlorination, with BRP levels greater than
2.70 � 105 CFU/ml had high level HPC concentration samples and
2.44 times higher HPC levels than free chlorinated systems with
average BRP levels less than 2.70 � 105 CFU/ml. Unique conditions
were possibly created with different chlorine residuals. Chlorine,
which continuously reacted with organic compounds, might be the
cause of the variations of drinking water properties. Water with
high chlorine residual inhibited bacteria growth and fewer species
were in the aquatic environment, which was more suitable for
some slow-growing oligotrophs. Thus, when the amount of chlo-
rine was high, indigenous bacteria lacked the ability to adapt to the
aquatic environment, which differed from the situation with low
chlorine residual.

4. Conclusions

Biological stability of a full-scale water distribution system in
South China was detected by using three different evaluation
methods (AOC, BDOC and BRP). High correlation was found be-
tween BRP and AOC in both WTP and DWDS (p < 0.01). Similarly, a
significant association between BRP and BDOC in WTP was found
(p < 0.01), but it was not significant in DWDS. As a result, BRP was
similar with AOC as a simple and feasible bioassay that detected
bacteria regrowth potential sensitively. Analysis of the sampling
data showed that both AOC and BRP were significantly related with
UV254, TOC, and HPC (p < 0.01), whereas only UV254, Temperature
and Chlorine Residual demonstrated significant correlations to
BDOC (p < 0.01). The relationship between water quality parame-
ters and biological stability evaluation methods showed that the
bacteria, organic carbon and chlorine were the most important
factors impact biological stability in DWDS. Bench test showed that
the interaction between the promotion of nutrients to support
bacterial regrowth and the inhibition of chlorine residual to limit
bacterial regrowth should be considered together in drinking wa-
ter. When chlorine residuals were less than 0.15mg/L, AOC and HPC
had a positive correlation and promotion of AOC to support bac-
terial regrowth play a leading role. Subsequently, it had a negative
correlation when chlorine residuals were more than 0.15 mg/L and
inhibition of chlorine residual play a more important role. For
drinking water with chlorine less than 0.15 mg/L, AOC and BRP less
than 135 mg/L and 2.70 � 105 CFU/mL can limit heterotrophic
bacteria regrowth.
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