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Bacterial regrowth after water/wastewater disinfection poses severe risks to public health. However,
regrowth studies under realistic water conditions that might critically affect bacterial regrowth are scarce.
This study aimed to assess for the first time the regrowth of Escherichia coli (E. coli) in terms of its viability
and culturability in environmental waters after chlorine disinfection, which is the most widely used
disinfection method. Post-chlorination regrowth tests were conducted in 1) standard 0.85% NaCl solution,
2) river water receiving domestic wastewater effluents, and 3) river water that is fully recharged by domestic
wastewater effluents. The multiplex detection of plate count and fluorescence-based viability test was
adopted to quantify the culturable and viable E. coli to monitor the regrowth process. The results
confirmed that chlorine treatment (0.2, 0.5 and 1.0 mg L−1 initial free chlorine) induced more than 99.95%
of E. coli to enter a viable but non-culturable (VBNC) state and the reactivation of VBNC E. coli is
presumably the major process of the regrowth. A second-order regrowth model well described the
temporal shift of the survival ratio of culturable E. coli after the chlorination (R 2: 0.73–1.00). The model
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application also revealed that the increase in initial chlorine concentration and chlorine dose limited the
maximum regrowth rate and the maximum survival ratio, and the regrowth rate and percentage also
changed with the water type. This study gives a better understanding of the potential regrowth after
chlorine disinfection and highlights the need for investigating the detailed relation of the regrowth to

rsc.li/es-water

environmental conditions such as major components of water matrices.

Water impact
We demonstrated multiplex detection as an effective tool to understand and assess the regrowth process after chlorine disinfection. The gained in-depth
knowledge of post-chlorination regrowth in environmental water provides a scientific basis for controlling bacterial regrowth in the context of wastewater
treatment and reuse.

1. Introduction
Domestic wastewater is a major point source of waterborne
pathogens and disseminating antibiotic resistance through
discharge or reuse.1 Recently, the growing water stress caused
by water scarcity and quality deterioration has necessitated
and promoted wastewater reuse, including agricultural
irrigation, urban reuse, and natural water body recharge.2 For
disinfection to be successful, microorganisms must be
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sufficiently removed during the treatment while ensuring low
microbial risk to public health and the ecosystem after the
disinfection process. However, recent studies have reported
an undesirable increase in bacterial population after
wastewater disinfection, revealing a hidden microbial health
risk.3–5 This issue becomes particularly serious when the
regrowth of pathogenic and/or antibiotic-resistant bacteria
happens after disinfection.6,7
Under environmental stress, bacteria can enter the viable
but non-culturable (VBNC) state, an adaptive survival strategy
that can possibly continue for years (up to 11 years as has
been reported).8,9 Bacteria in the VBNC state are not
culturable but are actually live and metabolically active.10
Disinfection treatment can act as environmental stress to
bacteria and induce bacteria to enter the VBNC state.11 For
instance, Chen et al. (2018)11 have reported that both
chlorination and chloramination (0.5–4 mg L−1) in 0.9% NaCl
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solution could induce Escherichia coli (E. coli) into the VBNC
state, although the maximum disinfectant dose that allows
VBNC reactivation varied with the disinfectant and water
matrix.
While losing culturability, VBNC Legionella pneumophila
induced by monochloramine and VBNC Pseudomonas
aeruginosa induced by UV-C irradiation are able to synthesize
virulence-related proteins.12,13 Moreover, pathogenic bacteria
in the VBNC state may not be infectious but can regain
culturability and virulence when the environment is
favorable.6,14 For example, VBNC Vibrio cholerae O1 was
reported to revert to a culturable and virulent state in the
human intestine.15 While bacterial culturability is
determined by a conventional culture-based method (i.e.,
plate count), the assessment of bacterial viability requires a
culture-independent method as viable bacteria include the
VBNC fraction that cannot be cultured. Therefore, multiplex
detection methods that combine culture-based and cultureindependent approaches should be applied in order to
monitor viable cells and evaluate the regrowth.5 All available
evidence supports that VBNC bacteria are a potential risk to
public health and the ecosystem, and thus it is essential to
assess and control viable bacteria, including culturable and
VBNC cells, during and after disinfection. To the best of our
knowledge, no study has monitored the changes of bacterial
viability with time after disinfection treatment, limiting our
understanding of the actual health risk associated with the
viable bacteria in disinfected water.
Among various wastewater disinfection processes,
chlorination is the most widely used because of its simple
application and low cost. As mentioned above, however,
chlorination is challenged by the potential risk of bacterial
regrowth. The process of post-chlorination regrowth may be
influenced by various factors such as temperature,16–18
availability of nutrients,19 residence time,19,20 water
matrix,19,21 and oxidant residual.22 These influential factors
indicate the need for regrowth tests under a number of
possible conditions. Moreover, regrowth tests after
chlorination have been performed in a few studies.11,23–25 In
these reports, no systematic test was run under realistic water
conditions after chlorination, which remains a critical
knowledge gap regarding the safe reuse of treated water.5
Similarly, regrowth kinetic models have been developed to
simulate the photoreactivation and/or dark-repair process
after UV disinfection,16,17,26,27 but no research effort has been
put on modeling the post-chlorination process. Therefore, it
is worth modeling the regrowth process after chlorine
disinfection to understand the regrowth process better and
enhance our capacity against relevant microbial risk.
In this study, we address the gaps in the literature and
target for the first time investigating the regrowth process of
a model bacterium E. coli after chlorine treatment under
environment-relevant conditions. This study constitutes the
first report to assess the post-chlorination regrowth in
environmental water by adopting multiplex detection of plate
count and fluorescence-based viability tests. We also adopted
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a modeling approach to evaluate the regrowth process and
relate it to the chlorination and post-chlorination process
conditions.

2. Materials and methods
2.1 Water sampling and characterization
To represent the conditions relevant to wastewater reuse or
discharge scenarios, river water and treated wastewater were
also used in this study. The river water was sampled in the
downstream section of the Tama River (Tokyo, Japan) on
March 4th, 2021, which receives treated domestic wastewater
from several treatment plants in its upstream basin. Treated
wastewater was sampled from the Nomi River (an urban
channel in Tokyo, Japan) on May 12th, 2021, which is fully
fed by treated domestic wastewater. After the sampling, the
water was filtered with a 0.22 μm membrane to ensure no
bacteria present in the filtered water. The concentrations of
dissolved organic carbon (DOC) and ions in the filtered water
were analyzed. The chemical analysis and the results are
summarized in Text S1 and Table S1,† respectively.
2.2 Chlorination and regrowth tests
A pure culture of E. coli K-12 (NBRC3301) provided by NITE
Biological Resource Center, Japan, was used. A fresh liquid
culture of E. coli was prepared by inoculation on LB broth
(L3022, Sigma-Aldrich) and incubation at 37 °C for 12–18
hours in a shaker incubator to reach the stationary phase. To
prepare test suspensions, 1.0 mL of the liquid culture was
centrifuged at 3000 rpm for 15 min at 4 °C and resuspended
in 1 mL sterile 0.85% NaCl solution. The centrifugation and
resuspension were repeated twice to wash off the LB nutrient
medium. Finally, the prepared E. coli suspension achieved a
concentration of ∼109 cells per mL. In the chlorination
treatment, 1 mL of the prepared E. coli suspension was
diluted in 100 mL of 0.85% NaCl solution, which resulted in
an initial concentration of ∼107 cells per mL for the
chlorination.
The experimental setup for chlorination and regrowth
tests is shown in Fig. S1.† Chlorine disinfection was
conducted in 100 mL batch tests in a sterile 200 mL glass
beaker while being mildly stirred with a magnetic stirrer at
25 °C. First, the prepared E. coli suspension was added into a
sterile 200 mL glass beaker containing sterile 0.85% NaCl
solution. Solutions of sodium hypochlorite (NaClO) (20, 50,
and 100 mg L−1 free chlorine) were prepared by diluting a
stock NaClO solution (>5%, Kanto Chemical). Then, sodium
hypochlorite at different concentrations was added to the
reactor to reach 0.2, 0.5, and 1 mg L−1 initial free chlorine.
The applied chlorine concentrations in this study were
designed to be lower compared to those in practical
wastewater treatment (typically, 5–20 mg L−1 (ref. 28)) because
the subjected water to E. coli in our experiment does not
contain chlorine-demanding inorganic and organic
components. The treatment continued up to 30 minutes for
the 0.2 and 0.5 mg L−1 groups and up to 10 minutes for the 1
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mg L−1 group. At each sampling time (0.5, 5, 10, 20 and 30
minutes for 0.2 and 0.5 mg L−1, and 0.5, 1, 2, 5 and 10
minutes for 1.0 mg L−1), 0.5 mL of sodium thiosulfate
solution was added into the reactor and mixed for 5 minutes
to terminate the chlorination process (the final sodium
thiosulfate concentration was 0.6% (w/v)). Control
experiments (i.e., no chlorine but with thiosulfate, no
chlorine and no thiosulfate) were also conducted to observe
the fate of non-disinfected E. coli and assure no effect of
sodium thiosulfate on bacterial viability (Fig. S2†). In
addition, the free chlorine residual was measured at each
contact time using the N,N-diethyl-p-phenylenediamine
(DPD) reagent for free chlorine (Hanna instruments) and a
UV-vis spectrophotometer (Shimadzu UV-2600, Japan)
(calibration curve shown in Fig. S3†). Specifically, a 10 mL
sample was filtered with a 0.45 μm membrane and mixed
with the DPD reagent for 20 seconds. Then, the absorbance
was measured at a wavelength of 510 nm.29 The chlorine
dose was calculated by integrating the area under the
chlorine decay curve within each contact time and used to
represent the dosage of chlorination (mg min L−1).
In the subsequent regrowth test, the chlorinated samples
were kept in the dark at 25 °C in an incubator. To represent
the conditions relevant to wastewater reuse or discharge
scenarios, chlorinated E. coli were kept in four types of water
after quenching the residual chlorine at each contact time
(Fig. S1†).
The original chlorinated samples (A) could mimic the
conditions of treated wastewater stored in a tank before
being reused or discharged. The mixtures with 0.85% NaCl
solution (B), Tama River water (C), and Nomi River water (D),
respectively, simulated the conditions of treated wastewater
introduced to the environment. For the mixed samples,
specifically, each 15 mL chlorinated sample was mixed with
15 mL of 0.85% NaCl solution, filtered Tama River water, and
filtered Nomi River water, respectively, in a 50 mL sterilized
polypropylene centrifuge tube and kept while the cap was
loosely closed. The viable and culturable E. coli
concentrations were monitored every day for 3 days after the
chlorination.

2.3 Quantification of culturable and viable E. coli
The plate count method was used to quantify culturable E.
coli. After quenching chlorination, 1 mL of each appropriately
diluted sample was mixed with LB agar medium and
incubated for 24 h at 37 °C. For each dilution rate of
samples, plates were prepared in triplicate. A LIVE/DEAD
BacLight bacterial viability kit (L7012) was used to quantify
viable E. coli, following our previous work30 (details in Text
S2†). The viable and culturable E. coli counts in the control
experiment showed a significant correlation (Pearson
correlation coefficient r = 0.86, p < 0.05). All samples were
measured in triplicate. VBNC cells were calculated as the
difference between the viable and culturable cell counts.
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The percentage of regrowth was calculated by eqn (1)31 to
evaluate the regrowth of E. coli after chlorination. It indicates
how much the inactivated cells could regrow.
Percentage of regrowth ð%Þ ¼

NR − N
× 100
N0 − N

(1)

Here, N0 is the culturable cell count before chlorination
treatment (CFU mL−1), N is the culturable cell count
immediately after chlorination treatment (i.e., the beginning
of regrowth test) (CFU mL−1), and NR is the culturable cell
count for a certain time during the regrowth phase (CFU
mL−1).
The log removal considering regrowth was calculated by
eqn (2) to quantify the effect of regrowth on the actual
disinfection efficiency.
log removal = log10(N0) − log10(NR)

(2)

2.4 Modeling of inactivation and regrowth kinetics
Hom's model (eqn (3))32 describes the non-linear disinfection
kinetics with initial lag or tailing off frequently observed in
practice33,34 and in this study.
ln

Nt
¼ − kDn tm
N0

(3)

Here, k is the pseudo-first-order inactivation rate constant,
D is the disinfectant concentration, and n and m are
empirical constants. This model was applied to obtain the
inactivation rate constants of culturable and viable E. coli, kc
and kv (eqn (4) and (5)).
Viable cells (cells per mL) NV = NV(0)·e−kv·D

·t

nv m v

Culturable cells (CFU per mL) NC = NC(0)·e−kc·D

nc·tmc

(4)
(5)

Several empirical models have been proposed to represent
bacterial regrowth after UV disinfection. The models describe
the process as a saturation-type first-order or second-order
reaction with/without a decay phase.17,26 For the regrowth
process after chlorination, we selected the second-order
regrowth model (eqn (6)) because it depicts a logistic curve
that was observed in our experimental results. The model
fitness was evaluated from the R-squared value (R 2) between
the observed and predicted survival ratios of culturable E.
coli.
NR
Second‐order regrowth model : SR ¼
× 100
N0
Sm
¼
(6)
1 þ ½Sm =S0 − 1·e −kR ·Sm ·Rt
Here, SR is the survival ratio of culturable E. coli (%) during
the regrowth phase; S0 is the survival ratio of culturable E.
coli immediately after chlorination (%); Sm is the maximum
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survival ratio of culturable E. coli (%); Rt is the regrowth time
(day); kR is the regrowth rate constant (% per day). The
survival ratio of viable E. coli was calculated as well to
compare with that of culturable E. coli and to understand the
behavior of viable cells in different types of water after
chlorine disinfection. In addition to modeling the survival
ratio of culturable E. coli, a modified model of the secondorder regrowth model was applied to simulate the
concentration ratio of culturable E. coli to viable E. coli
during the regrowth phase (details in Text S3†).
In the second-order regrowth model (eqn (6)), kR is not the
actual reaction rate and the actual regrowth rate K (% per
day) is expressed by eqn (7). The actual regrowth rate reaches
its maximum (Kmax) when SR is half of Sm. Thus, Kmax is
calculated by eqn (8) (Li et al., 2017).16
Actual regrowth rate

K = kR (Sm − SR)SR

Actual maximum regrowth rate

K max ¼

kR Sm 2
4

(7)

(8)

In addition, multiple linear regression was applied to
examine the relationship between the regrowth model
parameters (i.e., kR, Sm and Kmax as dependent variables) and
the chlorination conditions (i.e., the initial chlorine
concentration and the chlorine dose as independent
variables). The model fitness was evaluated from R 2 between
the observed and predicted values of the model parameters.

3. Results and discussion
3.1 Impact of chlorination on the culturability and viability
of E. coli
Chlorine treatment reduced the culturability and viability of
E. coli to different extents. Given the initial free chlorine
concentrations of 0.2, 0.5 and 1 mg L−1, the culturable cell
counts of E. coli decreased from 6.9 log CFU mL−1 to 3.1 log
CFU mL−1 in 30 minutes, to 1.4 log CFU mL−1 in 30 minutes,
and to 1.6 log CFU mL−1 in 10 minutes, respectively
(Fig. 1(1)). However, the viable cell counts were reduced by
less than 10% and were still approximately 106 cells per mL
at the end of chlorine treatment. By chlorination, the
concentration ratio of culturable to viable E. coli decreased

Fig. 1 (1) Viable and culturable E. coli cell counts, (2) the concentration ratio of culturable E. coli to viable E. coli, (3) chlorine decay and dose as a
function of time, and (4) the concentration ratio of culturable E. coli to viable E. coli as a function of chlorine dose, during chlorine disinfection
(initial free chlorine of 0.2, 0.5, and 1 mg L−1). The error bars represent the standard deviation from duplicates with measurements conducted in
triplicate. The error bar is not visible when it is shorter than the size of the symbol.
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diverse patterns depending on the contact time of chlorine
treatment. In the un-chlorinated samples, the viable E. coli
increased up to 0.3 log cells per mL in four types of water
(Fig. 2). Consequently, the survival ratio of viable E. coli
significantly increased (Pearson correlation between survival
ratio and regrowth time: r > 0, p value of 0.028, 0.0065, 0.17,
and 0.13 in water (A), (B), (C) and (D), respectively) (Fig. 3). In
0.5 min chlorinated samples, we observed a similar increase
in the viable E. coli concentration (Fig. 2) and survival ratio
(Fig. 3). In contrast, the viable cell concentration and survival
ratio fluctuated in other chlorinated samples with longer
contact times and showed no significant differences (Fig. 2
and 3). It was unexpected to observe the increase of viable E.
coli in the saline solution ((A) and (B)) that contains no
energy source. However, one study reported that a 0.9%
saline solution can support significant growth of
Enterobacteriaceae strains, including the pure strain of E. coli,
while the mechanism was not elaborated.44 In natural
aquatic environments, enteric bacteria (e.g., E. coli) could
survive but are not able to multiply45 or could multiply at a
very low specific growth rate.46 The estimated doubling time
of viable E. coli in the un-chlorinated and 0.5 min chlorinated
samples in this study was at least three days, much longer
than the reported doubling time of 15 hours in a wild
environment.47 Therefore, we concluded that E. coli
reproduction was not a significant process involved in the
chlorinated samples under our experimental conditions.
On the other hand, in the un-chlorinated samples, the
concentration and survival ratio of culturable E. coli
decreased over time (Pearson correlation between survival
ratio and regrowth time: r < 0, p value of 0.025, 0.14, 0.14,
and 0.13 in water (A), (B), (C) and (D), respectively) (Fig. 2
and S6†). The loss of culturability in saline solution was
possibly due to nutrient starvation.48 However, in all the
chlorinated samples, culturable E. coli showed a notable
increasing trend and eventually reached a much higher
concentration and survival ratio than those at the beginning
of the regrowth phase (Fig. 2 and 4). Nevertheless, E. coli
reproduction in the chlorinated samples is still a possible
process because the remaining active cells after chlorination
were much less than those in the un-chlorinated samples. To
identify the dominant regrowth process, reproduction or
reactivation of VBNC, we adopted the hypothetico-deductive
analysis (Text S4, Scheme S1†). In this analysis, we
hypothesized that reproduction is the only regrowth process

from 100% to 0.047%, 0.00092% and 0.0015% after chlorine
treatment with initial free chlorine of 0.2 mg L−1 for 30
minutes, 0.5 mg L−1 for 30 minutes, and 1.0 mg L−1 for 10
minutes, respectively (Fig. 1(2)). The culturable and viable E.
coli concentrations were reduced rapidly within the first 5
minutes, followed by a slow decline, showing a similar trend
to that of the chlorine decay with the increase of contact time
(Fig. 1(3)). Despite the initial free chlorine concentration, the
concentration ratio of culturable to viable E. coli showed a
similar decreasing rate with the increase of chlorine dose
(Fig. 1(4)). The difference in the concentrations of viable and
culturable E. coli indicates the cell concentration of the VBNC
state. As a result, the VBNC E. coli accounted for over 99.95%
of the viable E. coli at the end of chlorine treatment. Previous
studies also showed that low-level chlorination (0.3–1.5 mg
L−1) could effectively reduce the culturability of E. coli and
induce E. coli to enter the VBNC state.36,37 In addition to
chlorination, other disinfection treatments such as
chloramination, ozonation and UV irradiation were also
reported to induce bacteria to enter into a VBNC state.38–41
Regardless of the initial free chlorine concentration, the
inactivation of viable and culturable E. coli showed a tailing
phase (Fig. 1(1)). The tailing phase may appear due to the
aggregation of microorganisms, the appearance of resistant
subpopulations or the decline of disinfectant concentration
over time.42,43 As the result of model application, the
inactivation kinetics of culturable and viable E. coli were well
described by Hom's model (Table 1). The inactivation rate
constants of culturable E. coli (kc) were much higher than
those of the viable E. coli (kv) (Table 1). Meanwhile, the rate
constants increased with the initial chlorine concentration.
However, kv increased more slowly than kc with the initial
chlorine concentration, indicating that a higher initial
chlorine concentration induced the VBNC state more rapidly
than a lower initial chlorine concentration. The existence of
VBNC E. coli after chlorine disinfection indicated the
substantial potential of their regrowth.
3.2 Regrowth process of E. coli after chlorine disinfection
Adopting the multiplex detection (i.e., the combination of the
plate count method and fluorescence-based viability test), we
presumed that the reactivation of VBNC E. coli was the major
regrowth process after chlorine disinfection. During the
regrowth phase, the viable E. coli concentration showed

Table 1 Kinetic parameters of Hom's model applied to the inactivation of viable and culturable E. coli by chlorination with initial free chlorine of 0.2,
0.5, and 1 mg L−1. * p < 0.05, ** p < 0.01, *** p < 0.001

Initial chlorine
concentration

Viable
kv

nv

mv

R2

Culturable
kc

nc

mc

R2

0.2 mg L−1
0.5 mg L−1
1.0 mg L−1

0.35
0.96
0.97

0.00
0.02
0.00

0.32
0.03
0.07

0.98**
1.00***
1.00***

7.22
7.81
10.64

0.00
0.00
0.27

0.05
0.15
0.30

0.99***
1.00***
1.00***
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Fig. 2 The regrowth of E. coli in four types of water after treatment with various initial doses of chlorine (0.2, 0.5, and 1 mg L−1). The original
sample was chlorinated E. coli in 0.85% NaCl solution without dilution or mixing treatment. In the legend, the chlorination time was noted, 0 to 30
min for 0.2 and 0.5 mg L−1 and 0 to 10 min for 1.0 mg L−1 treatment. The error bars represent the standard deviation from duplicate experiments
where cell plate count and fluorescence measurement were conducted in triplicate. The error bar is not visible when it is shorter than the size of
the symbol.

and tested it by comparing the hypothetical calculation with
the experimental results. The calculation was based on the
doubling time of un-chlorinated or 0.5 min chlorinated viable
E. coli, which was considered shorter than that of chlorinated
culturable E. coli. Thus, this calculation provided an estimate
of the maximum concentration resulting only from
reproduction (no reactivation). As a result (Fig. S5†), the ratio
of the hypothetical estimation to the experimental
observation of the regrowth was less than 0.5 under most of
the conditions. Particularly, in the environmental waters
(Tama River and Nomi River), the ratio was always less than
0.5 regardless of the chlorination time and the regrowth time
after chlorination. Therefore, we concluded that the
reactivation from the VBNC state is likely the dominant
regrowth process.
Direct evidence of reproduction and reactivation in the
experiment and quantitative analysis of different processes
remains a challenge for understanding the regrowth process.
To address this challenge, future studies should (1) explore
the reproduction ability of damaged and un-damaged
bacteria in environmental water, to understand the
contribution of reproduction to the regrowth; (2) investigate

Environ. Sci.: Water Res. Technol.

the regrowth process in environmental water after achieving
the complete removal of culturable cells, to provide direct
evidence of the VBNC reactivation; and (3) implement
frequent monitoring of the viable and culturable cells (e.g.,
hourly), to catch the dynamic changes in the regrowth phase.
Destiani and Templeton (2019)25 reported the increase of
antibiotic-resistant E. coli and Pseudomonas aeruginosa in
phosphate-buffered saline solution by the plate count
method after chlorination. However, their study did not
determine the dominant regrowth process, which might be
the reactivation of VBNC cells or the reproduction of
culturable cells.5 Chen et al. (2018) applied a high dose of
disinfectant (4 mg L−1 chlorine and chloramine) to eliminate
culturable E. coli and confirmed their reactivation from the
VBNC state in LB broth (rich medium) by calculating the
generation time.11 In this study, we confirmed the existence
of VBNC E. coli in the chlorination process (Fig. 1) and the
non-significant reproduction in chlorinated samples (Fig. 3).
Therefore, the reactivation of VBNC E. coli was concluded as
the dominant regrowth process in our experiment.
Environmental stresses (e.g., low temperature or high
salinity) trigger the VBNC state of bacteria, and elimination

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The survival ratio of viable E. coli in four types of water after treatment with various initial chlorine concentrations (0.2, 0.5, and 1 mg L−1)
and contact times (0.5 min to 10 min or 30 min). A: Original sample; B: the mixture of the original sample with 0.85% NaCl solution; C: the mixture
of the original sample with Tama River water; D: the mixture of the original sample with Nomi River water.

of these stresses (e.g., temperature upshift or relief from
saline stress) could make bacteria regain culturability.10,49–51
In the presented results, the removal of environmental stress
(i.e., oxidative stress from chlorine) allowed E. coli to regrow,
which was attributed to the reactivation from the VBNC state,
leading to the increase of culturable cell counts.
3.3 Effect of disinfection conditions on the regrowth of E. coli
Disinfection conditions (i.e., initial chlorine concentration
and chlorine dose) played an important role in determining
the speed and degree of regrowth. The percentage of
regrowth and log removal considering regrowth were

This journal is © The Royal Society of Chemistry 2022

calculated to quantify the degree of regrowth (Fig. 5) and the
impact of regrowth on the chlorination efficiency (Fig. S6†).
After chlorine disinfection at 0.2 mg L−1, the percentage
regrowth in all water matrices increased over time after
disinfection, reaching an eventual level of 6.2% (30 min
chlorinated sample) to 28.7% (0.5 min chlorinated sample
introduced into Nomi River water) after three days (Fig. 5).
Consequently, the log removal considering regrowth after 0.2
mg L−1 chlorination showed a substantial reduction of
approximately 1 log per day, resulting in a 2.2 log to 3.4 log
reduction in the log removal after three days (Fig. S6†). When
higher initial chlorine concentrations (0.5 and 1.0 mg L−1)
were applied, the percentage of regrowth ranged from
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Fig. 4 The survival ratio of culturable E. coli during regrowth in four types of water after treatment with various initial chlorine concentrations
(0.2, 0.5, and 1 mg L−1) and contact times (0.5 min to 10 min or 30 min). The lines represent the modeling output of eqn (6).

0.0003–1.80% during the 3 day storage, meaning that only
less than 1.80% of the VBNC E. coli regained culturability
(Fig. 5), leading to a 0.39 to 2.97 log reduction in the log
removal in three days (Fig. S6†).
Meanwhile, even though a longer treatment time by 0.2
mg L−1 chlorination did not alter the trend or reduce the
degree of regrowth, the contact time of chlorination did
affect the regrowth pattern and level under the four water
conditions when higher initial chlorine concentrations (0.5
and 1.0 mg L−1) were applied (Fig. 2). Similarly, Huang et al.
(2011) reported that a higher chlorine concentration could
lower the extent of regrowth of antibiotic-resistant bacteria
and total heterotrophic bacteria.23 Thus, an increase of the
initial chlorine concentration could limit the regrowth of E.
coli to some extent.

Environ. Sci.: Water Res. Technol.

The second-order regrowth model (eqn (6)) was applied to
simulate the survival ratio of culturable E. coli versus the
regrowth time in four types of water after chlorine
disinfection (Fig. 4). This model showed a good fitness with
the experimental data, mostly giving R 2 values over 0.90
(Table S3†). The modified model (eqn (S1)†) could also well
describe the temporal shift of the concentration ratio of
culturable to viable E. coli (R 2: 0.75–1.00) (Fig. S7†), and the
fitted values of model parameters (kR and Sm) were close to
those fitted with the second-order regrowth model (eqn (6)).
These model applications suggested that the postchlorination regrowth followed typical regrowth kinetics that
was initially identified for the photoreactivation kinetics after
UV disinfection,17 including a lag phase, an exponential
increase phase, and a stabilization phase, within the 3 day
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Fig. 5 The percentage of regrowth (%) of culturable E. coli in four types of water after treatment with various initial chlorine concentrations (0.2,
0.5, and 1 mg L−1) and contact times (0.5 min to 10 min or 30 min).

storage. The initial free chlorine concentration showed an
influence on the regrowth parameters (kR, Sm, and Kmax)
(Fig. 6(A)–(C)). Generally, for the higher initial chlorine
concentration, kR increased but Sm and Kmax decreased, even
though the difference between initial chlorine concentrations
of 0.5 and 1.0 mg L−1 was quite minor.
The regrowth rate constant kR (% per day) generally
showed an increasing tendency with the increase of chlorine
dose (mg min L−1) (Fig. 6(D)) while it decreased with the
initial concentration ratio of culturable to viable E. coli (%)
(Fig. 6(G)). On the other hand, the maximum survival ratio
Sm and maximum actual regrowth rate Kmax decreased with
increasing chlorine doses (Fig. 6(E) and (F)) and increased
with the concentration ratio of culturable to viable E. coli at

This journal is © The Royal Society of Chemistry 2022

the beginning of the regrowth phase (Fig. 6(H) and (I)). At an
initial chlorine concentration of 0.2 mg L−1, Sm decreased
from 16.1% to 7.5%, and Kmax decreased from 13.0% per day
to 4.5% per day in the original sample when the chlorine
dose increased from 0.07 to 0.83 mg min L−1
(Fig. 6(E) and (F), and Table S3†). Notably, at an initial
chlorine concentration of 0.5 mg L−1, Sm and Kmax were
reduced over 100 times from 2.00% and 0.377% per day
while increasing the chlorine dose from 0.22 to 2.87 mg min
L−1 (Table S3†). This suggested that a longer treatment time
with chlorine effectively limited the extent and rate of E. coli
regrowth under the tested conditions. Although the values of
Sm and Kmax were low, for an initial E. coli concentration of
106 cells per mL, an Sm value of 1% indicates the maximum
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Fig. 6 The regrowth rate kR (% per d), maximum survival ratio Sm (%) and maximum actual regrowth rate Kmax (% per d) as a function of the initial
chlorine concentration ((A)–(C)), the chlorine dose (mg·min L−1) ((D)–(F)), and the ratio of culturable E. coli to viable E. coli (%) at the beginning of
the regrowth phase ((G)–(I)). The y-axes in (A)–(I) are shown in logarithmic scale to break up data clusters. The values of kR and Sm were obtained
by applying eqn (6) to the experimental data, and the values of Kmax were calculated by eqn (8) using the model output. The displayed values were
calculated from the average of triplicate analysis in duplicate experiments.

reactivation of 104 VBNC cells, and a Kmax value of 1% per
day means the fastest reactivation rate of 104 cells per day,
equivalent to reactivation of 416 VBNC cells per mL per hour.
Therefore, even a minor reduction in Sm and Kmax is of great
significance in controlling microbial regrowth.
As a result from multiple regression analysis, R 2 of the
regression was 0.58 (p < 0.001) for ln kR, 0.68 (p < 0.001) for
ln Sm, and 0.69 (p < 0.001) for ln Kmax (Table 2). The initial
chlorine concentration and chlorine dose were significant in

Environ. Sci.: Water Res. Technol.

the multiple regression model of all regrowth parameters (p
< 0.05), except that the initial chlorine concentration was not
significant in the regression model for ln kR (p = 0.09)
(Table 2). The absolute values of the model coefficient of
chlorine dose were larger than that of the initial chlorine
concentration, suggesting that a per unit change in chlorine
dose is more impactful than a per unit change in initial
chlorine concentration in the regrowth parameters (Table 2).
In addition, a positive correlation was observed between the
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Table 2 Multiple linear regression analysis for the regrowth model parameters (kR, Sm, and Kmax). Natural log transformation was applied to the
dependent variables. The multicollinearity of the independent variables was evaluated from the variance inflation factors (VIFs) and we confirmed that all
the applied variables showed a VIF value less than five. * p < 0.05, ** p < 0.01, *** p < 0.001

Independent variable

R2

Dependent variable

Coefficient

ln kR

0.58***

ln Sm

0.68***

ln Kmax

0.69***

(intercept)
Initial chlorine concentration
Chlorine dose
(intercept)
Initial chlorine concentration
Chlorine dose
(intercept)
Initial chlorine concentration
Chlorine dose

−2.07***
1.17
1.76***
3.36***
−1.36*
−2.04***
3.26***
−1.55*
−2.31***

maximum survival ratio Sm and maximum actual regrowth
rate Kmax in all types of water (Pearson's r > 0.92, p < 0.0001)
(Fig. S8†). Nevertheless, the multiple regression based on
chlorination settings was not good enough (R 2 less than 0.70)
to accurately estimate the regrowth parameters. When
multiple regression was applied to each water type separately,
the regression performance improved (R 2 increased up to
0.88, data not shown), which infers that the addition of
variables indicating the water properties might better predict
the regrowth parameters.
Previous studies reported that DNA repair after UV
disinfection reached its maximum level faster (less than 12
hours)16,17,26 than the reactivation of VBNC E. coli after
chlorination observed in this study. Li et al. (2017)35
reported that after achieving a 4.5 log removal of culturable
E. coli in 0.9% saline solution with low-pressure UV, the
maximum survival ratio (Sm) and the maximum actual
regrowth rate (Kmax) were 8.04% and 2.46% per h under
light, while the survival ratio under dark conditions
fluctuated within 0.002–0.006% and could not be modeled.16
In contrast, in this study, after achieving a 4.5 log removal
in 0.85% saline solution by chlorination (0.5 mg L−1 initial
chlorine, 5 minutes), Sm and Kmax were 0.257% and 0.074%
per day in the dark. Chen et al. (2018) observed the
regrowth of E. coli in LB broth after treatment with 0.5, 1, 2,
and 3 mg L−1 chlorine for up to 2 hours and 4 mg L−1
chlorine for 0.5 hours. However, no cell regrowth occurred
in LB broth after 4 mg L−1 chlorination for 2 hours,11
probably due to the lethal damage caused by the high
disinfectant concentration and longer treatment time. In
addition, a sunlight/H2O2 process (H2O2 50 mg L−1, 90 min)
was reported to inhibit the regrowth of multidrug-resistant
E. coli, while chlorination (1 mg L−1, 15 min) led to an
increase in the multidrug-resistant E. coli in 48 hours after
chlorination, even though both processes achieved complete
inactivation (i.e., culturable E. coli below the detection
limit).52 It was stated that the formation of hydroxyl radicals
during the sunlight/H2O2 process contributed to bacterial
inactivation and controlled the regrowth.52 Therefore, the
disinfection mechanism and the treatment conditions (e.g.,
dose) play essential roles in determining the extent and rate
of bacterial regrowth.
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3.4 Effect of the receiving water body on the regrowth of E.
coli
A comparison among the samples mixed with 0.85% NaCl
solution, Tama River water, and Nomi River water allows us
to assess the impact of the receiving water body on the
regrowth of E. coli after chlorination. During the three day
storage, the culturable E. coli in Tama River and Nomi River
water showed a more notable increase in its concentration
than in saline solution (Fig. 2 and 5). For instance, after 0.5
mg L−1 chlorine treatment for 30 minutes, the percentage of
regrowth in saline solution was only 0.00014% after three
days, two to three orders of magnitude lower than those in
Tama River water (0.16%) and Nomi River water (0.054%)
(Fig. 5). Moreover, when applying a higher chlorine dose, the
difference between the saline solution and the river waters
tended to increase in terms of the percentage of regrowth
(Fig. 5), the maximum survival ratio (Sm), and the maximum
regrowth rate (Kmax) (Table S3†).
However, the difference between Tama River and Nomi
River water was difficult to address regarding the
promoting effect on E. coli regrowth. The regrowth of E. coli
water was higher in Nomi River water than in Tama River
water after 0.2 mg L−1 and 1.0 mg L−1 chlorine treatment,
but slightly higher in Tama River water than in Nomi River
water in 0.5 mg L−1 chlorine-treated samples (Fig. 5 and
Table S3†). A previous study on solar disinfection and postirradiation E. coli survival found that the E. coli population
showed a noticeable increase within one day in wastewater
but not in lake water and Milli-Q water.19 One day after 1
mg L−1 chlorination, antibiotic-resistant E. coli showed a
percentage regrowth of less than 20% in phosphate buffer
solution25 and up to 100% in secondary wastewater
effluent.23 The more significant regrowth in the wastewater
could be attributed to the high concentration of organic
matter and the increased assimilability after wastewater
treatment.53
Studies on the bacterial regrowth in drinking water of
several regions revealed that the substrate availability
determined the potential of bacterial regrowth, including
assimilable organic carbon (AOC) and microbially available
phosphorous (MAP).54–56 As seen in Table S1,† the sampled
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Nomi River water has a higher DOC concentration (9.7 mg C
per L) than Tama River water (2.2 mg C per L). Although AOC
was not measured in the present study, AOC typically
accounts for less than 4% of DOC in surface water,57 and
thus the AOC in the sampled Tama River and Nomi River
water was estimated to be less than 88 μg C per L and 380 μg
C per L. Several studies proposed 50–100 μg AOC per L as the
minimum requirement for maintaining microbial stability in
chlorinated drinking water.37,58,59 According to this range for
AOC, Tama River water is considered to have microbe-stable
conditions while Nomi River water promotes bacterial
growth, consistent with the changes of viable E. coli
concentrations shown in Fig. 3. In addition, this study
showed that they regrew in all types of water (Fig. 2 and 5),
indicating that AOC is not the only influential component in
determining regrowth.
Besides AOC, inorganic nutrients such as MAP can be
essential for bacteria. For example, dissolved inorganic
phosphorus (i.e., phosphate) regulates carbon mineralization,
and it is the most frequently reported limiting nutrient for
bacterial production.60–62 The sampled Nomi River water
contains a higher phosphate concentration (2.73 mg L−1)
than Tama River water (1.23 mg L−1). Considering that Nomi
River water is more nutritious than Tama River water in
terms of AOC and MAP, it was reasonable to expect more
regrowth in Nomi River water under all conditions,
consistent with our observation (Fig. 5) and modeling output
(Table S3†).
Concerning the reactivation of VBNC E. coli, the dominant
regrowth process under the experimental conditions, the
carbon availability and phosphate availability are not the only
influential factors. Previous studies have proved that the
promoting factors for the reactivation from their VBNC state
are sodium pyruvate,63 amino acids,49 vitamins,64 quorumsensing molecules (autoinducer),65 active proteins such as
the protein YeaZ,66 and catalase.67 Researchers also pointed
out that some currently unidentified signaling molecules in
water environments could increase the culturability of
bacteria.68,69 Treated wastewater is discharged into
freshwater or coastal water environments, containing
components that can interfere and complicate the regrowth
of disinfected bacteria. For instance, in receiving water, the
dissolved organic compounds would provide carbon sources
for bacteria and react with the residual disinfectant (e.g.,
chlorine),55,56 and the suspended solids could shield bacteria
from the residual disinfectant,70 thus promoting the bacterial
regrowth. Meanwhile, residual antibiotics and high salinity
in receiving water could disrupt the metabolic activities of
bacteria71 or act as an environmental stress to induce active
bacteria to enter the VBNC state,72 inhibiting the bacterial
regrowth. Therefore, the bacterial regrowth in natural water
and treated wastewater is a complex process and should be
carefully evaluated. The presented data here were not
sufficient to model how much bacterial regrowth could
happen in complicated natural water and treated wastewater.
Nevertheless, this problem could be overcome when
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collecting more data step by step, if (1) a greater range of
environmental water samples (e.g., more than ten water
sources) is included in one regrowth study, (2)
comprehensive water characterization is conducted, and (3)
frequent and continuous monitoring (e.g., daily for 7 days) is
implemented.73 For further scientific understanding of the
regrowth phenomenon after chlorination, it is inevitable to
design systematic and multi-factor experiments under
controlled conditions of chlorination and regrowth processes.
Such studies could help understand the role of each factor
individually, their interactive effect in the regrowth, and
build solid relationships between influential factors and
regrowth parameters. In addition, the multiplex approach for
bacterial detection/quantification, such as the combination
of culture-based methods and molecular tools (e.g.,
polymerase chain reaction and fluorescence viability test), is
a powerful tool for future investigations.

4. Conclusions
This study demonstrated the effect of chlorine treatment on
different E. coli subpopulations (i.e., viable and culturable
fractions) and the regrowth in environmental water. The
major findings were concluded as follows:
• Chlorine treatment with 0.2, 0.5 and 1.0 mg L−1 initial
chlorine induced E. coli to enter the VBNC state, and a higher
chlorine concentration could speed up the transition from
the culturable state to the VBNC state.
• Multiplex detection (i.e., the combination of the plate
count method and fluorescence-based viability test) allowed
the understanding of the regrowth process. The reactivation
of VBNC E. coli was presumably the dominant regrowth
process in the tested waters after chlorine treatment.
• Removing environmental stress (i.e., oxidative stress
from chlorine) was adequate to reactivate the VBNC
subpopulation of E. coli.
• The second-order regrowth model could simulate the
survival ratio of culturable E. coli during regrowth (R 2: 0.75–
1.00), suggesting that post-chlorination regrowth follows
typical regrowth kinetics including lag, exponential and
stabilization phases.
• The application of the regrowth model estimated
regrowth parameters (i.e., regrowth rate constant (kR),
maximum survival ratio (Sm) and maximum actual regrowth
rate (Kmax)). This paves the way for establishing the
relationship between regrowth parameters and influential
factors in chlorination and regrowth phases.
• Multiple linear regression analysis revealed that the
initial chlorine concentration and chlorine dose significantly
determined the regrowth rate and maximum regrowth level.
• Environmental waters (i.e., Tama River water and Nomi
River water) allowed a higher percentage of regrowth than a
simple saline solution, although the specific promoting
components in the water are to be identified.
Overall, the observed notable regrowth of E. coli in
environmental water highlighted the importance of
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monitoring the total viable bacteria during wastewater
disinfection and after disinfection. This study enhanced our
understanding of the environmental adaptability of E. coli
after being stressed by chlorine treatment. The approach and
the findings in this investigation provide significant insights
for developing countermeasures to effectively control
bacterial regrowth. When available and affordable, the
quantification of viable bacteria should be adopted in
wastewater treatment facilities to ensure the removal of
viable bacteria and limit the potential of regrowth.
Considering that detection of viable bacteria is not
commonly adopted, disinfection may be targeted to achieve a
higher removal of viable bacteria and suppress their potential
regrowth, especially when the treated wastewater is
discharged into environments with high organic and nutrient
content. In addition, more research efforts are required to
assess the regrowth in a large variety of well-characterized
water and bacterial species or communities, which would
assist in establishing a predictive model of regrowth and
eventually facilitate the design of an effective disinfection
treatment to prevent post-disinfection regrowth.

Disclaimer
The research presented was not performed or funded by the
EPA and was not subject to EPA's quality system
requirements. The views expressed in this article are those of
the author(s) and do not necessarily represent the views or
the policies of the U.S. Environmental Protection Agency.

Conflicts of interest
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements
This research was supported by the Japan Society for the
Promotion of Science (JSPS KAKENHI, grant numbers
21H01462 and 21J13596). The authors also would like to
thank Dr. Kazuhiko Miyanaga for technical advices, Manami
Miyamoto for the laboratory support, and Yumi Namba for
budget management.

References
1 L. Rizzo, C. Manaia, C. Merlin, T. Schwartz, C. Dagot, M. C.
Ploy, I. Michael and D. Fatta-Kassinos, Sci. Total Environ.,
2013, 447, 345–360.
2 I. Zammit, R. B. M. Marano, R. B. M. Marano, V. Vaiano, E.
Cytryn and L. Rizzo, Environ. Sci. Technol., 2020, 54,
7677–7686.
3 Y. Lin, D. Li, A. Z. Gu, S. Yu Zeng and M. He, Chemosphere,
2016, 144, 2165–2174.
4 P. Thayanukul, F. Kurisu, I. Kasuga and H. Furumai, Water
Res., 2013, 47, 225–232.

This journal is © The Royal Society of Chemistry 2022

Paper
5 M. Wang, M. Ateia, D. Awfa and C. Yoshimura, Chemosphere,
2021, 268, 128850.
6 L. Li, N. Mendis, H. Trigui, J. D. Oliver and S. P. Faucher,
Front. Microbiol., 2014, 5, 1–1.
7 S. Deng, X. Yan, Q. Zhu and C. Liao, Environ. Pollut.,
2019, 254, 113020.
8 J. R. Stokell and T. R. Steck, eLS, 2012, 1–8.
9 A. Dhiaf, A. Bakhrouf, K.-P. Witzel, A. Bakhrouf Cabinet
Allaya, O. Salah and T. Karl-Paul Witzel, J. Water Health,
2008, 6, 565–568.
10 X.-H. Zhang, W. Ahmad, X.-Y. Zhu, J. Chen and B. Austin,
Mar. Life Sci. Technol., 2020, 3, 189–203.
11 S. Chen, X. Li, Y. Wang, J. Zeng, C. Ye, X. Li, L. Guo, S.
Zhang and X. Yu, Water Res., 2018, 142, 279–288.
12 I. Türetgen, Ann. Microbiol., 2008, 58, 153–156.
13 S. Zhang, C. Ye, H. Lin, L. Lv and X. Yu, Environ. Sci.
Technol., 2015, 49, 1721–1728.
14 F. Sun, J. Chen, L. Zhong, X. H. Zhang, R. Wang, Q. Guo and
Y. Dong, FEMS Microbiol. Ecol., 2008, 64, 37–44.
15 R. R. Colwell, P. Brayton, D. Herrington, B. Tall, A. Huq and
M. M. Levine, World J. Microbiol. Biotechnol., 1996, 12, 28–31.
16 G. Q. Li, W. L. Wang, Z. Y. Huo, Y. Lu and H. Y. Hu, Water
Res., 2017, 126, 134–143.
17 E. N. Sanz, I. S. Dávila, J. A. A. Balao and J. M. Q. Alonso,
Water Res., 2007, 41, 3141–3151.
18 R. W. Sanders, A. L. Macaluso, T. J. Sardina and D. L.
Mitchell, Aquat. Microb. Ecol., 2005, 40, 283–292.
19 S. Giannakis, A. I. Merino Gamo, E. Darakas, A. EscalasCañellas and C. Pulgarin, Chem. Eng. J., 2014, 253, 366–376.
20 J. Moreno-Andrés, R. Rios Quintero, A. Acevedo-Merino and
E. Nebot, Photochem. Photobiol. Sci., 2019, 18, 878–883.
21 S. Shafaei, N. Klamerth, Y. Zhang, K. McPhedran, J. R.
Bolton and M. Gamal El-Din, Environ. Sci.: Processes Impacts,
2017, 19, 31–37.
22 G. Mao, Y. Song, M. Bartlam and Y. Wang, Front. Microbiol.,
2018, 9, 1–10.
23 J. J. Huang, H. Y. Hu, F. Tang, Y. Li, S. Q. Lu and Y. Lu,
Water Res., 2011, 45, 2775–2781.
24 D. Li, S. Zeng, A. Z. Gu, M. He and H. Shi, J. Environ. Sci.,
2013, 25, 1319–1325.
25 R. Destiani and M. R. Templeton, AIMS Environ. Sci., 2019, 6,
222–241.
26 K. Kashimada, N. Kamiko, K. Yamamoto and S. Ohgaki,
Water Sci. Technol., 1996, 33, 261–269.
27 P. O. Nyangaresi, Y. Qin, G. Chen, B. Zhang, Y. Lu and L.
Shen, Water Res., 2019, 157, 218–227.
28 United States Environmental Protection Agency, Wastewater
Technology Fact Sheet: Chlorine Disinfection, 1999.
29 P. Li, T. Furuta and T. Kobayashi, Ecotoxicol. Environ. Saf.,
2021, 207, 111279.
30 M. Wang, M. Ateia, Y. Hatano, K. Miyanaga and C.
Yoshimura, Adv. Environ. Sci. Technol., 2022, 1, 30–36.
31 K. G. Lindenauer and J. L. Darby, Water Res., 1994, 28,
805–817.
32 L. W. Hom, J. Sanit. Eng. Div., Am. Soc. Civ. Eng., 1972, 98,
183–194.

Environ. Sci.: Water Res. Technol.

View Article Online

Published on 19 May 2022. Downloaded on 6/6/2022 6:43:39 PM.

Paper
33 J. M. Méndez-Contreras, J. Atenodoro, F. A. Champión, N. A.
Vallejo-Cantú and A. Alvarado-Lassman, Water SA, 2009, 35,
371–378.
34 M. Ateia, M. G. Alalm, D. Awfa, M. S. Johnson and C.
Yoshimura, Sci. Total Environ., 2020, 698, 134197.
35 G. Q. Li, W. L. Wang, Z. Y. Huo, Y. Lu and H. Y. Hu, Water
Res., 2017, 126, 134–143.
36 H. Lin, C. Ye, S. Chen, S. Zhang and X. Yu, Environ. Pollut.,
2017, 230, 242–249.
37 X. Liu, J. Wang, T. Liu, W. Kong, X. He, Y. Jin and B. Zhang,
PLoS One, 2015, 10, e0128825.
38 M. Ben Said, O. Masahiro and A. Hassen, Ann. Microbiol.,
2010, 60, 121.
39 M. T. Orta de Velásquez, I. Yáñez Noguez, B. Casasola
Rodríguez and P. I. Román Román, Environ. Technol.,
2017, 38, 744–753.
40 T. Jäger, J. Alexander, S. Kirchen, A. Dötsch, A. Wieland, C.
Hiller and T. Schwartz, Environ. Pollut., 2018, 232, 571–579.
41 S. Chen, J. Zeng, Y. Wang, C. Ye, S. Zhu, L. Feng, S. Zhang
and X. Yu, Environ. Technol., 2019, 41, 3443–3455.
42 M. J. Mattle and T. Kohn, Environ. Sci. Technol., 2012, 46,
10022–10030.
43 R. J. W. Lambert and M. D. Johnston, J. Appl. Microbiol.,
2000, 88, 907–913.
44 V. V. Infante, A. M. Cano, H. M. Valdovinos, A. E. Macías and
J. A. Álvarez, Rev. Invest. Clin., 2012, 64, 120–125.
45 D. B. Roszak and R. R. Colwell, Microbiol. Rev., 1987, 51, 365.
46 M. Berney, H. U. Weilenmann and T. Egli, J. Photochem.
Photobiol., B, 2007, 86, 149–159.
47 Y. T. Yang, J. C. Wang and H. S. Chuang, Biosensors,
2020, 10(11), 181.
48 N. González-Escalona, A. Fey, M. G. Höfle, R. T. Espejo and
C. A. Guzmán, Environ. Microbiol., 2006, 8, 658–666.
49 D. Pinto, V. Almeida, M. A. Santos and L. Chambel, J. Appl.
Microbiol., 2011, 110, 1601–1611.
50 R. Ohtomo and M. Saito, Microb. Ecol., 2001, 42, 208–214.
51 M. Ayrapetyan, T. Williams and J. D. Oliver, J. Bacteriol.,
2018, 200, e00249.
52 A. Fiorentino, G. Ferro, M. C. Alferez, M. I. Polo-López, P.
Fernández-Ibañez and L. Rizzo, J. Photochem. Photobiol., B,
2015, 148, 43–50.
53 J. Wist, J. Sanabria, C. Dierolf, W. Torres and C. Pulgarin,
J. Photochem. Photobiol., A, 2002, 147, 241–246.

Environ. Sci.: Water Res. Technol.

Environmental Science: Water Research & Technology
54 A. Nescerecka, T. Juhna and F. Hammes, Water Res.,
2018, 135, 11–21.
55 N. Farhat, F. Hammes, E. Prest and J. Vrouwenvelder, Water
Res., 2018, 142, 227–235.
56 E. I. Prest, F. Hammes, S. Kötzsch, M. C. M. Van Loosdrecht
and J. S. Vrouwenvelder, Water Sci. Technol.: Water Supply,
2016, 16, 865–880.
57 F. Am Water Works Res, D. A. Langlais, B. Reckhow and
D. R. Brink, Ozone in Water Treatment: Application and
Engineering, CRC press, 1991.
58 M. Polanska, K. Huysman and C. Van Keer, Water Res.,
2005, 39, 2259–2266.
59 M. W. Lechevallier, N. J. Welch and D. B. Smith, Appl.
Environ. Microbiol., 1996, 62, 2201–2211.
60 L. Zheng, M. Ren, E. Xie, A. Ding, Y. Liu, S. Deng and D.
Zhang, Front. Microbiol., 2019, 10, 1023.
61 L. Allesson, T. Andersen, P. Dörsch, A. Eiler, J. Wei and D. O.
Hessen, Front. Microbiol., 2020, 11, 2272.
62 T. Juhna and J. Rubulis, Water Supply, 2004, 4, 183–187.
63 Y. Morishige, K. Fujimori and F. Amano, Microbes Environ.,
2013, 28, 180–186.
64 L. Zhong, J. Chen, X. H. Zhang and Y. A. Jiang, Lett. Appl.
Microbiol., 2009, 48, 247–252.
65 M. Ayrapetyan, T. C. Williams and J. D. Oliver, Appl. Environ.
Microbiol., 2014, 80, 2478–2483.
66 Y. Li, J. Chen, M. Zhao, Z. Yang, L. Yue and X. Zhang,
J. Appl. Microbiol., 2017, 122, 338–346.
67 B. Zeng, G. Zhao, X. Cao, Z. Yang, C. Wang and L. Hou,
BioMed Res. Int., 2013, 2013, 907170.
68 L. L. Ling, T. Schneider, A. J. Peoples, A. L. Spoering, I.
Engels, B. P. Conlon, A. Mueller, T. F. Schäberle, D. E.
Hughes, S. Epstein, M. Jones, L. Lazarides, V. A. Steadman,
D. R. Cohen, C. R. Felix, K. A. Fetterman, W. P. Millett, A. G.
Nitti, A. M. Zullo, C. Chen and K. Lewis, Nature, 2015, 517,
455–459.
69 M. Ayrapetyan and J. D. Oliver, Curr. Opin. Food Sci., 2016, 8,
127–133.
70 M. McFadden, J. Loconsole, A. J. Schockling, R. Nerenberg and
J. P. Pavissich, Sci. Total Environ., 2017, 599–600, 533–539.
71 G. Kapoor, S. Saigal and A. Elongavan, J. Anaesthesiol., Clin.
Pharmacol., 2017, 33, 300.
72 K. Y. H. Gin and S. G. Goh, Water Res., 2013, 47, 3315–3328.
73 M. Deborde and U. von Gunten, Water Res., 2008, 42, 13–51.

This journal is © The Royal Society of Chemistry 2022

