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� Regrowth mechanisms after disin-
fection are reactivation, repair and
reproduction.

� More comprehensive regrowth tests
at environmentally relevant condi-
tions are needed.

� Both culture-base and culture-
independent approaches should be
adopted.
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Regrowth of bacteria after water/wastewater disinfection is a serious risk to public health, particularly
when such pathogens carry antibiotic resistance genes. Despite increasing interest in light-based
disinfection using ultraviolet or solar radiation, the mechanism of bacterial regrowth and their con-
centration upon light exposure (i.e., during storage, or after discharge into rivers or lakes) remain poorly
understood. Therefore, we present a focused critical review to 1) elucidate regrowth mechanisms, 2)
summarize the pros and cons of available experimental designs and detection techniques for regrowth
evaluation, and 3) provide an outlook of key research directions for further investigations of post-
disinfection bacterial regrowth. Bacterial regrowth can occur through reactivation from a viable but
non-culturable state, repair of photo-induced DNA damage, and reproduction of bacteria surviving
disinfection. Many studies have underestimated the degree of actual regrowth because of the use of
simple experimental designs and plate count methods, which cannot quantify actual abundance of viable
bacteria. Further research should investigate the effects of various factors on bacterial regrowth in
realistic conditions in regrowth tests and adopt multiplex detection methods that combine culture-based
and culture-independent approaches. An accurate understanding of the mechanisms involved in bac-
terial regrowth following disinfection is critical for safeguarding public health and aquatic environments.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Continuous discharge of pathogenic microorganisms (i.e., bac-
teria, virus, protozoa, and fungi) into aquatic environments
threatens human health and leads to many fatal diseases, such as
diarrhea and hepatitis (Bennett, 2008; Wilson et al., 2019). Thus,
development of effective disinfection technology is of great
importance. Despite the germicidal effects of disinfection tech-
niques used during water andwastewater treatment, recent studies
have reported an undesirable increase in microbial populations
after disinfection in both discharged effluents and water distribu-
tion systems (Thayanukul et al., 2013; Lin et al., 2016). The ability of
bacteria to reactivate and repair damage allows their continued
survival, rendering disinfection a temporary state and increasing
the risk to public health. The spread of pathogenic bacteria can lead
to fatal diseases such as diarrhea and pneumonia (Bennett, 2008;
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Wilson et al., 2019). For these reasons, the World Health Organi-
zation (WHO) has identified infections by antimicrobial resistant
pathogens, including antibiotic resistant bacteria (ARB), as one of
the world’s greatest health risks (WHO, 2017a). This issue becomes
particularly serious when pathogenic bacteria carrying antibiotic
resistance genes (ARGs) regrow after disinfection in treated efflu-
ents for drinking water or reclaimed water (Li et al., 2014; Deng
et al., 2019).

For instance, conventional chemical disinfection methods such
as chlorine and chloramine inactivate bacteria primarily by
damaging the outer membrane and subsequently cytoplasmic
components. However, these disinfectants are not effective against
all bacterial species (e.g., chlorine-resistant species) and hence
allow their regrowth (Huang et al., 2011; Sharma et al., 2016),
thereby weakening the desired residual disinfection effect of
chlorine in water supply practices (WHO, 2017b). Meanwhile,
conventional physical disinfection techniques such as ultraviolet
(UV) irradiation, particularly UV-C, directly target intracellular DNA
molecules. Yet, DNA damage induced by UV-C or UV-B irradiation
can be repaired depending on the post-disinfection conditions (e.g.,
favorable light conditions), which may substantially enhance cell
viability and lead to bacterial regrowth (Liltved and Landfald, 1996;
Guo et al., 2015; Sousa et al., 2017; Hu et al., 2019). Solar disinfec-
tion (SODIS) can inactivate bacteria through the effect of UV irra-
diation, intracellular oxidative damage, and thermal heating and
has great potential for application in developing countries around
the equator that receive abundant solar energy (Pichel et al., 2019).
Similar to UV disinfection, the SODIS process lacks residual disin-
fection activity and allows for some DNA repair afterwards
(McGuigan et al., 2012; Pichel et al., 2019). Bacterial regrowth after
disinfection is of particular concern because the surviving micro-
organisms may become more tolerant to stress factors (i.e., they
may become superbugs that are harder to disinfect) (Michael et al.,
2020).

The emergence of new technologies such as advanced oxidation
processes (AOPs) (e.g., S�anchez-Montes et al., 2020), and photo-
thermal and high electrical field induced-inactivation using nano-
materials (e.g., Wang et al., 2018a; Shimizu et al., 2019), provides



Fig. 1. The mechanisms of light-based disinfection technologies. The disinfection processes are light irradiation, photo/Fenton, photo/H2O2, photocatalysis, photo/chlorination and
photo/ozonation. Exogenous ROS attacks cell membrane/wall and intracellular components when cell membrane/wall is damaged. Cell membrane damage through physical
disruption by nanoparticles is also included because many types of nanoparticles work as photocatalyst. Note that the illustrated cell structure represents gram-negative bacteria,
and gram-positive bacteria do not have outer membrane, but the disinfection mechanisms are similar.
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alternative options for water and wastewater disinfection. Most
AOPs involve solar or UV light as an assistive energy source, to
produce reactive oxygen species (ROS), which are so-called light-
based AOPs. The resulting ROS (e.g., hydroxyl radicals) can cause
strong oxidative damage in bacteria through such mechanisms as
lipid peroxidation and protein oxidation (Michael-Kordatou et al.,
2018). Most previous studies of light-based AOPs reported limited
or no bacterial regrowth, especially when the treatment was
enhanced, for example by increasing photocatalyst loading,
extending treatment time, and adjusting light wavelength (e.g.,
Moreira et al., 2018; Das et al., 2019; Ugwuja et al., 2019). Such
light-based AOPs, UV disinfection, and SODIS are collectively
known as light-based disinfection. The group of light-based disin-
fection inactivate bacteria through three major mechanisms
(Fig. 1): (1) photo-damage of DNA by light irradiation
(wavelength < 300 nm); (2) oxidation of cell membrane, cell wall
and intracellular components by photo/Fenton, photo/H2O2, pho-
tocatalysis, photo/chlorination and photo/ozonation; (3) physical
damages by piercing, adhesion or penetration of photocatalyst
nanoparticles (Huo et al., 2020). Though the lack of a residual
disinfection effect is a drawback of using most of light-based
disinfection techniques in the water supply, these processes do
not result in harmful byproducts and have no detrimental effects on
organisms such as fish inhabiting natural waters.

Several reviews have discussed the disinfection performance
and mechanisms of specific light-based disinfection techniques,
including SODIS (Giannakis et al., 2016a, 2016b; Pichel et al., 2019),
UV-C or UV light-emitting diodes (UV-LEDs) (Song et al., 2016; Li
et al., 2019; Umar et al., 2019), and photocatalysis (Uyguner
Demirel et al., 2018; Gong et al., 2019; You et al., 2019; Zhang
et al., 2019) as well as general disinfection processes (Dodd, 2012;
Giannakis et al., 2017; Miklos et al., 2018; Hiller et al., 2019).
However, the topic of bacterial regrowth after light-based disin-
fection has received little attention in comprehensive reviews.
Regrowth of ARB after advanced oxidation processes was discussed
partially in one review paper, which highlighted the need for in-
vestigations of how AOPs operating conditions affect bacterial
regrowth (Michael-Kordatou et al., 2018). An earlier review
3

discussed the regrowth of bacteria and phytoplankton in a ship’s
ballast water tank and urged stakeholders to consider this issue
while selecting ballast water treatment systems (Grob and Pollet,
2016). To our knowledge, the present review is the first to focus
on bacterial regrowth after light-based disinfection (solar/UV irra-
diation and light-based AOPs) in water supplies and wastewater
treatment. We present a critical review of the available literature,
covering aspects of the underlying mechanisms, experimental de-
signs, and detection methods with the aim to 1) elucidate the un-
derlying bacterial regrowth mechanisms, 2) summarize the pros
and cons of experimental designs and detection techniques for
regrowth evaluation, and 3) provide an outlook of key research
directions for further investigations of post-disinfection bacterial
regrowth.

2. Regrowth: reactivation, repair, and reproduction

The phenomenon of post-disinfection increases in population of
bacteria has been variously termed regrowth, recovery, and reac-
tivation in the literature. In this article, we refer to the phenomenon
as “regrowth” to avoid confusion, and only discuss the possible
mechanisms happening during and after disinfection. Regrowth
can happen as long as bacteria has the ability to reproduce. Upon
disinfection treatments, bacteria may lose reproducibility due to
the entry into viable but non-culturable (VBNC) state or the
occurrence of photo-induced DNA damages. The reactivation from
VBNC state, and the repair of DNA damages would allow bacteria to
recover their ability to reproduce and enlarge their population. We
consider these as two mechanisms of regrowth, namely reac-
tivation and repair. In addition, the reproduction of intact bacterial
cells is separately noted as the third regrowth mechanism, namely,
reproduction. In the following subsections, we discuss the three
underlying mechanisms of bacterial regrowth, namely, reac-
tivation, repair, and reproduction (Fig. 2).

2.1. Reactivation from viable but non-culturable state

Currently, over 100 species of bacteria, including Escherichia coli



Fig. 2. Bacterial regrowth mechanisms: reactivation, repair, and reproduction. VBNC: viable but nonculturable; genetic materials include chromosome DNA and plasmid DNA.
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(E. coli) and Enterococcus and Salmonella species, have been docu-
mented to have the ability to enter VBNC state (Ayrapetyan et al.,
2018; Xu et al., 1982) under harsh environmental stresses (e.g.,
starvation, UV radiation exposure, oxidative stress, extreme tem-
peratures) (Xu et al., 1982; Nowakowska and Oliver, 2013; Lin et al.,
2016). Unlike transient stress responses, the VBNC state is an
adaptive survival strategy that can continue for years (Stokell and
Steck, 2012), while maintaining certain features of viable cells,
such as membrane integrity, undamaged genetic information, and
metabolic activity (Li et al., 2014; Robben et al., 2018). However,
bacteria in the VBNC state are physiologically and molecularly
different from viable cells (e.g., cellular morphology, cell wall and
membrane composition, gene expression) (Stokell and Steck, 2012).
VBNC bacteria are not able to divide and form colonies, so they do
not appear on normal cultivation media as other viable cells, but
they are alive and retain the ability to reactivate and regrow when
the external stressors disappear (e.g., during water storage and
distribution) (Ayrapetyan et al., 2018; Karaolia et al., 2018). Note
that we consider this mechanism as reactivation from the VBNC
state.

Several pathogenic bacteria (e.g., E. coli O8:H14, Listeria mono-
cytogenes) have been confirmed to enter a VBNC state after being
exposed to non-ionic surfactants (a common ingredient in house-
hold cleaners), but remained intact and continued their metabolic
activity (i.e., ATP production, fermentation of sugars) (Robben et al.,
2018). Low doses of disinfectants, such as 0.7 mg/L monochlor-
amine and 1.5 mg/L total chloramine, could induce a VBNC state in
pathogenic bacteria E. coli O157:H7 within 15 min in tap water or
within 14 weeks in river water (Liu et al., 2009). The study also
observed subsequent reactivation of E. coli O157:H7 in Eagle’s
minimal essential medium (Liu et al., 2009). When applying higher
doses of chlorine (up to 4 mg/L), E. coli entered into a VBNC state,
then reactivated in Luria-Bertani (LB) broth (Chen et al., 2018). Two
indicators of pathogenic bacteria (E. coli and Pseudomonas aerugi-
nosa) entered a VBNC state upon UVC (254 nm) irradiation up to
100 mJ cm�2, during which expression of their virulence genes
(gadA and oprL, respectively) remained at high levels (Zhang et al.,
2015). These reports demonstrated the potential health risk of
VBNC bacteria and the importance of this survival strategy in water
environments.
2.2. Repair of photo-induced DNA damages

UV disinfection inactivates bacteria through direct damage to
4

DNA and/or indirect damage by inducing internal oxidative stress
through endogenous photosensitizers (Kielbassa et al., 1997). In the
former, short-wave UV (wavelength l < 300 nm, UVB and UVC)
irradiation causes various mutagenic and cytotoxic DNA lesions
such as cross-linkage between DNA bases that produce cyclobutene
pyrimidine dimers and 6-4 photoproducts, thereby interrupting
DNA replication and transcription (Lyons et al., 1998; Sinha and
H€ader, 2002). However, such DNA damage can be repaired in
many microorganisms via photoreactivation and dark-repair
mechanisms (Stephanie et al., 2011). In the photoreactivation
mechanism, exposure to light at wavelengths of around
300e500 nm, DNA photolyases alter the DNA conformation and
break apart the dimers formed under UV exposure (Sinha and
H€ader, 2002). Without requiring energy from light, dark-repair
mechanisms work with enzymes like N-glycosylase to cleave DNA
crosslinks, hence the name “excision repair” (Kielbassa et al., 1997;
Sinha and H€ader, 2002). It should be noted that bacterial regrowth
due to the recovery of reproducibility through either photoreacti-
vation or dark-repair mechanisms after UV disinfection is consid-
ered repair of photo-damaged DNA.

In a study of UV-LED disinfection, inactivation of E. coli at an
irradiation wavelength of 280 nm led to more severe damage and
less photoreactivation and dark repair compared with samples
irradiated at a wavelength of 265 nm, which was probably attrib-
uted to the effect of 280-nm UV irradiation on proteins such as
photolayse (Li et al., 2017a). Following irradiation of up to
10 mJ cm�2 using a conventional low-pressure UV lamp (254 nm),
antibiotic-resistant E. coli and P. aeruginosa showed regrowth
through photo repair and dark repair at 3, 15 and 24 h after disin-
fection (Destiani and Templeton, 2019).
2.3. Reproduction of viable and culturable bacteria

Unless complete inactivation is achieved (i.e., the detection limit
of culture-dependent method is reached), we can always expect an
increase in bacterial populations in water with a sufficient nutrient
supply due to the ability of surviving bacteria to multiply. This
mechanism is different from the reactivation of bacteria from the
VBNC state because this fraction of bacteria remains viable and
culturable throughout the entire process.

Bacterial regrowth essentially results from bacterial cell repro-
duction. The mechanisms of reactivation from VBNC state and
repair of photo-induced damages are means by which bacterial
cells recover their reproducibility, while the third mechanism is



Table 1
Studies of disinfection and post-disinfection regrowth of bacteria (2015e2020).

Treatment Target
bacterium

Light source and
intensity

Water matrices Measurement Experiments details of regrowth test Regrowth or not Ref.

Tested
sample

Light source and
distance to sample

Temperature Receiving
water

Storage
time

Other
conditions

Photolysis disinfection (solar/UV irradiation)
UVC-LED Tetracycline

resistant
Bacillus sp.

�UVC-LED (265 nm,
275 nm)
�0.038 W m�2

0.9% sterile saline
solution

Plate count
(Tetracycline agar)

Treated
water
(varying
fluences)

�Natural light
�Near a
transparent
window

25 ± 1 �C Original
sample

24 h e Yes (Increase with
regrowth time;
decrease with UV
fluence)

Shen et al.,
(2020)

Dark 25 ± 1 �C Original
sample

24 h

LP-UV E. coli �Collimated beam
apparatus with LP UV
lamp
�120 W, 30% UVC

0.9% sterile saline
water

Standard plate
count (LB agar
containing 50 mg/L
kanamycin and
160 mg/L
rifampicin)

Treated
water

Similar to sunlight
(1000 lux)

25 �C Original
sample

8 h e Yes Guo and
Kong, (2019)

Dark 37 �C 1 mL
sample to
50 mL LB
broth

20 h Shaker
150 rpm

Yes

LP-UV E. coli �Collimated beam
apparatus with LP UV
lamp
�0.02 W m�2

PBS (pH 7.4) Membrane
filtration

Treated
water

�Daylight bulb
(270 lumen)
�Distance 18.5 cm

Room
temperature

Original
sample

24 h Magnetic
stir

Yes Destiani and
Templeton,
(2019)

Dark Room
temperature

Original
sample

24 h Yes

UVC-LED E. coli �Pulsed and
continuous UVC-LED
(268 nm, 275 nm)
�0. 028 W m�2

Sterile saline
solution

Standard plate
count (LB agar)

Treated
water

�Fluorescent lamp
(15 W, 395 nm)
�Distance 30 cm

25.2 �C Original
sample

3 h e Yes (depending on
wavelength)

Nyangaresi
et al. (2019b)

Dark No
UV-LED E. coli �UV-LED (267, 275,

267/275 and 275/
310 nm)
�0.0384 W m�2

Sterile saline
solution

Standard plate
count (LB agar)

Treated
water (3-and
4-log
inactivation)

�Fluorescent lamp
(15 W, 395 nm)
�Distance 30 cm

Room
temperature

Original
sample

9 h e Yes (least for 275 nm
irradiation)

Nyangaresi
et al., (2018)

Dark Yes (less than
photoreactivation)

UV-LED
LP-UV

E. coli �UV-LED 265 nm,
280 nm, combination
of 265 nm and
280 nm, and LP UV
lamp
�0.005, 0.01, 0.0065
and 0.009 W m�2,
respectively

0.9% sterile saline
water

Standard plate
count (Nutrient
agar)

Treated
water (3.0 or
4.5 log
removal)

�Five fluorescent
lamps (11 W, 300
e500 nm,
0.012 W m�2)
�Distance 38 cm

25 �C Original
sample

8 h Glass tube Yes Li et al.
(2017a)

Dark 25 �C Original
sample

8 h Glass tube Yes

LP-UVC Heterotrophs,
Enterobacteria,
Enterococci

LP UV lamp Synthetic
wastewater;
Secondary
treated
wastewater

Membrane
filtration (PCA agar
for heterotrophs,
m-Enterococcus
agar for
enterobacteria)

Before,
immediately
after
treatment,
and after 3-
day storage

Room light 20e22 �C Original
sample

12 h Liquid:
air ¼ 1:2

Yes Sousa et al.,
(2017)

Dark 20e22 �C Original
sample

12 h Yes

Solar (CPCs) E. coli �Simulated sunlight
(0.5% UVB and 5%
UVA)
�500, 600, 700, 800,
900, 1000, 1200,
1400 and
1600 W m�2

Synthetic
secondary
effluent

Plate count (PCA
agar)

Treated
water
(varying
time)

Dark e Original
sample

48 h e Yes for 0-40-min
irradiation at all
intensities (500
e1600 W m�2)

Giannakis
et al. (2015a)

Solar (double-wall
reactor)

(varying
temperature)

E. coli �Simulated sunlight
(0.5% UVB, 7% in 300
e400 nm)
�800 and
1200 W m�2

Synthetic
secondary
effluent

Plate count (PCA
agar)

Treated
water
(varying
time)

Dark 25 �C Original
sample

48 h e Yes for low dose-low
intensity;
No for fully inactivated
samples.

Giannakis
et al. (2015b)

(continued on next page)
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Table 1 (continued )

Treatment Target
bacterium

Light source and
intensity

Water matrices Measurement Experiments details of regrowth test Regrowth or not Ref.

Tested
sample

Light source and
distance to sample

Temperature Receiving
water

Storage
time

Other
conditions

Solar (with dark
exposure)

E. coli �Simulated sunlight
(0.5% UVB and 5%
UVA)
�500, 600, 1000 and
1200 W m�2

Synthetic
secondary treated
wastewater

Plate count (PCA
agar)

Treated
water
(Varying
time & light
intensity)

Dark Room
temperature

Sample
mixed
with lake
water (10%
or 1%
dilutions)

48 h e Yes (Outright
regrowth; decay then
regrowth)
No (highest intensities
and/or exposure
times)

Giannakis
et al. (2015c)

Solar E. coli �Simulated sunlight
(0.5% UVB and 5e7%
UVA)
�1000 W m�2

Synthetic
secondary
effluent

Plate count (PCA
agar)

Treated
water
(Varying
time)

Dark e Original
sample

48 h e Yes/No (depends on
wavelengths of
reactivation light and
time)

Giannakis
et al. (2015d)�Monochromatic

lamps (18 W;
blacklight blue,
actinic blacklight,
blue, green and
yellow)
�Less than
80 W m�2

�Distance 15 cm

2, 4, 8 h
under
light then
48 h in
dark

Peroxide-based disinfection
UVC/persulfate
UVC/H2O2

Carbapenem
resistant
Klebsiella
pneumoniae

�UV-C lamp (8 W)
�2.3 � 10�6 W m�2

Secondary
effluent;
Deionized water

Plate count (PCA
agar,
ChromIDRCARBA
agar)

Treated
water (after
60-second
treatment)

Dark 37 �C Water
sample to
Brain
Heart
Infusion
broth

24 h Incubator No Serna-Galvis
et al., (2020)

UV
UV/H2O2

UV/PMS

Chlorine-
resistant
bacteria & their
spores

�Collimated beam
apparatus with LP UV
lamp (40 W, 30%
UVC)
�2 � 10�4 W m�2

Treated drinking
water

DNA & protein
quantification by
spectrometer

e e e e e Judge the
regrowth
potential
by DNA/
protein
damages

Yes for UV;
No for UV/H2O2 and
UV/PMS

Zeng et al.,
(2020)

UV/H2O2 E. coli
Pseudomonas
aeruginosa

�UVC lamps (230 W)
�26 W m�2

0.9% sterile saline
water;
Secondary
treated
wastewater

Plate count
(McConkey agar,
tryptone agar)

Treated
sample

Dark 25 �C Original
sample

48 h e No Michael et al.,
(2020)

Solar/H2O2 Natural sunlight on
sunny days

Yes

UV/H2O2 Total coliforms,
E. coli

�LP UVC lamp
�Flux of
9.5 � 10�7 E s�1

Secondary
effluent

Enzymatic
substrate method

Treated
water

Dark Room
temperature

Original
sample

72 h Unmixed
closed
glass bottle

Yes Malvestiti
and Dantas,
(2019)

Sunlight/H2O2 E. coli,
multidrug
resistant E. coli

�-Natural sunlight
�37.34 ± 4.30 W m�2

Effluent of
biological process
in wastewater
treatment plant

Plate count (Endo
agar; coliform
agar)

Untreated,
treated (in
the middle &
end) samples

e e e 6, 12, 24,
48 h

e Yes (less than
chlorination

Fiorentino
et al., (2015)

Fenton-based disinfection
Solar in PET bottle E. coli �Simulated sunlight

�Global irradiance of
900 W m�2

Milli-Q;
Lake water

Plate count (PCA
agar)

Treated
water
(varying
time)

Dark 20e25 �C Original
sample

24 h, 48 h
and 1
week

In PET
bottles

Yes Shekoohiyan
et al., (2019)Solar/Fenton in

iron-deposed
PET bottle)

No

Solar E. coli �Simulated solar light
�300, 600, 900 and
1200 W m�2

Wastewater
(before & after
activated sludge)

Standard plate
count (TSA agar)

Treated
water
(varying
time)

Dark 22 ± 2 �C Original
sample

72 h e Yes Giannakis
et al. (2018b)Solar/Fenton No

UVA Fenton Total coliform
(TC)
E. coli
Enterococcus sp.

�Natural sunlight
13 ± 1Wm�2 (winter
condition)

Secondary
treated
wastewater

Plate count
(Chromocult agar)

Treated
water

Dark Room
temperature

Original
sample

Overnight e No de la Obra
Jimenez
et al., (2019)

Solar Fenton E. coli �Simulated solar light
63 W m�2

Secondary
treated
wastewater

Membrane
filtration

Treated
water

e 37 �C Original
sample

48 h Incubator No Ioannou-
Ttofa et al.,
(2019)
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(Glucuronide
medium agar)

UVA-Fenton/H2O2 Klebsiella
pneumoniae

�UVA lamps
(365 nm)
3.9 W m�2

Bio-treated
hospital
wastewater

Plate count (PCA
agar,
ChromIDRCARBA
agar)

Treated
water

Dark Room
temperature

Original
sample

48 h e No Serna-Galvis
et al., (2019)

Photocatalysis disinfection
Solar/H2O2

Solar/TiO2 Solar/
Fenton

Solar/GO-TiO2

Enterococci,
fecal coliforms
(FC)

�Natural sunlight
on sunny days
�40 W m�2

Secondary
treated
wastewater

Membrane
filtration (m-FC
agar, S&B agar)

Treated
water

Dark Room
temperature

Original
sample

72 h e Enterococci-No
FC-yes

Moreira et al.,
(2018)

UVA/TiO2 E. coli,
Enterococcus sp.

�Simulated sunlight
�500 W m�2

0.9% sterile saline
solution;
simulated
municipal
wastewater
treatment plant
effluent

Membrane
filtration
(MacConkey or
Slanetz for E. coli
and Bartley agar
for Enterococcus
sp.)

Treated
water

Dark e Original
sample

48 h e No. (But for UVA
without TiO2,
E. coli and
Enterococcus sp.
showed little after
short disinfection in
saline solution
wastewater,
respectively.

Moles et al.,
(2020)

Solar light-
Ag@SnO2@ZnO
core-shell
nanocomposite

Bacillus sp. �Natural sunlight
�100, 000 ± 5000 lx
(0.0079 W m�2 per
lux)

0.9% sterile saline
water;

Standard plate
count (Nutrient
agar)

Treated
water

Dark e Original
sample

96 h Magnetic
stir

No Das et al.,
(2019)

UVA-LEDs/TiO2 heterotrophs,
E. coli,
enterococci

�UVA-LED (381 nm)
�Maximum
515 W m�2 (center
of the irradiation
area)

Secondary
treated
wastewater

Membrane
filtration (PCA
agar, TBX agar, m-
Ent agar)

Treated
water

Dark 24 �C Original
sample

72 h e Yes Biancullo
et al., (2019)

UVA-LED/TiO2 E. coli �365 nm UV-LED
�0.049 W m�2

0.85% saline
solution

Standard plate
count (LB agar)

Before and
after
treatment

�White light
fluorescent lamp
(15 W)
�Distance 30 cm

Room
temperature

Original
sample

8 h Magnetic
stir; petri
dish

No (residual
disinfection)

Nyangaresi
et al. (2019a)

Dark Room
temperature

Original
sample

8 h No (residual
disinfection)

Visible light/CueZn
clay

E. coli �Visible light from
fluorescence lamps in
laboratory
�Natural solar light

Sterile water Optical method Treated
water
(varying
time)

Laboratory light
(407 nm)

e Original
sample

e Laboratory
bench

No Ugwuja et al.,
(2019)

Dark e Original
sample

e Incubator No

Solar/TiO2

Solar/TiO2-rGO
E. coli �Simulated solar light

�63 W m�2
MBR treated
wastewater

Membrane
filtration (TSA
agar)

Treated
water
(varying
time)

Dark 44 �C Original
sample

24 h Incubator No (Except for TiO2 30/
60 min)

Karaolia
et al., (2018)

Other light-based disinfection
UV
UV/persulfate

E. faecalis
E. coli

�LP UVC lamp (10 W)
�0.02 W m�2

Distilled water Plate count (S&B
agar, Chromogenic
Collinstant agar)

Treated
water

Dark Ambient
temperature

Original
sample

48 h Residual
persulfate
was not
neutralized

Yes Moreno-
Andr�es et al.,
(2019)

Seawater No

Photocatalytic
ozonation

E. coli
Salmonella sp.
Shigella sp.
Vibrio cholerae

�UV lamp (366 nm;
7 W m�2)
�Sunlight
(3.76 W m�2)

Synthetic water Pour plate method
(TSA agar, XLD
agar, TCBS agar)

Treated
water where
no bacteria
were
detected

Dark 25e30 �C Original
sample

24, 48 h e No Mecha et al.,
(2017)Secondary

municipal
wastewater

Photocatalytic
ozonation

Heterotrophs;
Enterobacteria;
Enterococci

UV LED (382 nm) Secondary
treated
wastewater

Membrane
filtration (PCA
agar, m-FC agar, m-
Ent agar)

Treated
water

Light Room
temperature

Original
sample

72 h e No Moreira et al.,
(2016)Dark

CPCs, compound parabolic collector reactors. LB agar: Luria-Bertani agar; PCA agar, plate count agar; TSA agar: Tryptic Soy agar; ChromIDRCARBA agar contains 0.3 g L�1 of selective carbapenem antibiotics mixture; m-FC agar:
membrane Faecal Coliforms agar; S&B agar: Slanetz & Bartley agar; TBX agar: Tryptone Bile X-Glucuronide agar; m-Ent agar: m Enterococcus agar; XLD agar: xylose lysine deoxycholate agar; TCBS agar: thiosulfate-citrate-bile
salts-sucrose agar.
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through the inherent reproducibility of intact bacterial cells.
Nevertheless, the presence of VBNC cells, DNA-damaged cells and
intact cells in disinfected water always signals the potential of
observing regrowth after disinfection. Although the three mecha-
nisms can be clarified theoretically, doing so practically is more
challenging because of issues concerning experimental design and
selection of bacterial detectionmethods. Therefore, in the following
sections we review the available studies related to regrowth tests,
discuss the essential factors to be considered in regrowth tests, and
explain the use of various detection methods.

3. Experimental design for regrowth test

Research on regrowth tests has considered a large range of
disinfection techniques, including conventional UV (Li et al., 2017a)
and advanced processes such as photocatalysis (Biancullo et al.,
2019) and UV/solar H2O2 (Michael et al., 2020). Microbial
regrowth is influenced by various factors such as temperature
(Sanders et al., 2005; Salcedo et al., 2007; Li et al., 2017a), avail-
ability of nutrients (Giannakis et al., 2014), dark delay (i.e., the
period of dark storage before exposure to light) (Wen et al., 2019),
storage/residence time (Giannakis et al., 2014; Moreno-Andr�es
et al., 2019), water matrix (Giannakis et al., 2014; Shafaei et al.,
2017), and residual oxidants (Mao et al., 2018). These factors
create plenty of possible conditions for regrowth tests, as seen in
recent studies (Table 1). Generally, E. coli was chosen in most
studies in Table 1. Though a single bacterial species may not be
representative of all bacteria, E. coli is a main species of fecal coli-
form group that are the most common microbials in wastewater
(Crittenden et al.,1991; Lin et al., 2016; Li et al., 2017b, 2017c), so the
findings and conclusions from those studies can still be informa-
tive. The typical bacterial regrowth test consists of five steps
(Fig. 3): 1) water disinfection, 2) sampling during disinfection, 3)
storage of treated samples, 4) sampling during storage, and 5)
measurements of samples (e.g., bacterial population). In this sec-
tion, we summarize and critically review more than 20 recent
studies to elucidate the role of disinfection processes and storage
conditions (i.e., temperature, light, and water matrix) in the
regrowth of bacteria after disinfection (Table 2).

3.1. Different disinfection processes primarily determine the
regrowth potential

Insufficient disinfection leads to incomplete inactivation of mi-
croorganisms, leaving only a subpopulation injured and capable of
reactivating and repairing. Thus, ensuring complete inactivation
and residual disinfection is of great importance. UV disinfection is
prone to bacterial regrowth because the primary disinfection
mechanism is through the damage to nucleic acid by UV light
adsorption that results in the loss of culturability. This has been
observed in studies using low-pressure (LP) UV (Destiani and
Templeton, 2019; Guo and Kong, 2019), UV-LED (Li et al., 2017a),
and solar irradiation (Giannakis et al., 2014). However, bacterial
cellular membranes undergo oxidative damage (e.g., lipid peroxi-
dation) at considerably high UV doses, and such damage is thought
Fig. 3. Typical experimenta
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to be irreversible and lethal (McKinney and Pruden, 2012; Xu et al.,
2018). The lack of a residual effect is another critical disadvantage of
light-based disinfection using UV or solar radiation compared with
chemical disinfectants such as chlorine. For example, UV-LED
(265 nm) irradiation (13.03 mJ cm�2) of an E. coli suspension in
buffer solution resulted in 4.5 log removal, and subsequent expo-
sure to florescent light recovered the population to 35.23% of that
before UV irradiation (Li et al., 2017a).

Therefore, it would seem that replacing UV disinfection with
chemical disinfectants should prevent regrowth. Unfortunately, it is
not that simple. We must keep in mind that DNA repair is not the
only regrowth mechanism. Chlorination is known to act as a se-
lection pressure on virus (Rachmadi et al., 2018a, 2018b). Similarly,
chlorination also induces bacteria to enter a VBNC state, acting as a
selective pressure for resistant species, including ARB- and
chlorine-resistant species, and eventually contributes to the
reproduction of such superbugs in treated waters (Huang et al.,
2011; Lin et al., 2017; Liu et al., 2018; Hou et al., 2019; Zeng et al.,
2020). Interestingly, despite the faster inactivation rate of chlori-
nation than sunlight/H2O2, more regrowth of multi-drug resistant
(MDR) E. coli was observed in chlorinated water due to the resis-
tance of MDR E. coli to chlorine and the less lethal effect of chlorine
at the investigated dose compared with highly reactive hydroxyl
radicals produced by sunlight/H2O2 (Fiorentino et al., 2015). Pho-
tocatalysis and other AOPs generate ROS (e.g., hydroxyl radicals)
that causes oxidative damage to bacterial membranes and subse-
quently intracellular components. Ideally, complete inactivation by
those processes ensures prevention of post-disinfection regrowth,
and many studies of photocatalytic disinfection indeed reported
consistent findings of no regrowth post-treatment (e.g., Moreira
et al., 2018; Das et al., 2019; Ugwuja et al., 2019) (Table 1). How-
ever, disinfectants (i.e., chlorine species, ROS) in real watermatrices
also react with organic matter and pollutants and produce assim-
ilable organic matter, which can provide a carbon source for het-
erotrophic bacteria to utilize for reproduction (Thayanukul et al.,
2013; Sousa et al., 2017; Pei et al., 2019). Thus, it was not surpris-
ing to observe higher regrowth after photocatalysis (UVA-LEDs/
TiO2) compared with photolysis (UVA-LEDs) of urban wastewater
contaminated with antibiotics (Biancullo et al., 2019).

3.2. Storage conditions

Treated water is not immediately used or discharged because
the water remains for a period of hours or days in reservoirs and/or
distribution pipes. Therefore, it is essential that regrowth tests
simulate realistic storage conditions, including time, temperature,
light, and the water matrix.

3.2.1. Storage time
Reactivation from a VBNC state and repair of DNA damage takes

minutes or hours, so there is normally a time lag until regrowth is
first observed. A common practice is to store and observe dis-
infected water for a period ranging from a few hours to days
(Table 1). Despite various doses of LP-UV irradiation (3, 5, and
10 mJ cm�2) for disinfection, light/dark conditions during storage,
l flow of regrowth test.
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and bacterial species (E. coli and P. aeruginosa), the percentages of
regrowth all increased with time (3, 15, and 24 h) (Destiani and
Templeton, 2019). Similar findings were also reported in studies
with a storage time of 0e48 h (Fiorentino et al., 2015; Moreno-
Andr�es et al., 2019). Many studies have chosen instead to report
only the regrowth result at the end of the storage period (e.g.,
Mecha et al., 2017; Malvestiti and Dantas, 2018), using indicators
such as the percentage of regrowth (Linden and Darby, 1997) or the
regrowth ratio (Karaolia et al., 2018), calculated by Equations (1)
and (2), respectively.

Percentageofregrowthð%Þ¼ Nr � N
N0 � N

� 100 (1)

Regrowthratio¼Nr

N
(2)

Here, N0 is the cell number before treatment, N is the cell
number immediately after treatment, Nr is the cell number after
repair, ðNr �NÞ is the number of recovered or reactivated cells, and
ðN0 � NÞ is the total number of inactivated cells.

Kinetic models were developed to simulate the photoreactiva-
tion and/or dark-repair process after UV disinfection, assuming a
saturation-type first-order reaction (Equation (3)) (Kashimada
et al., 1996) or second-order kinetics (Equation (4) and (5)) (Sanz
et al., 2007; Li et al., 2017a; Nyangaresi et al., 2018). Based on the
model assumptions, bacterial populations increase logistically
(first-order reaction, Equation (3)) or exponentially (second-order
reaction, Equation (4)) with time, finally stabilizing when regrowth
stops. Additionally, growth occurs less frequently in darkness than
in light exposure conditions, and the growth curve in darkness may
fall after reaching the maximum (Equation (4) and (5)) (Sanz et al.,
2007). The proposed models could accurately fit the experimental
data in those studies and provide a method for predicting the
regrowth process after UV irradiation. However, these models are
limited to UV disinfection and simplified regrowth conditions such
as simple background water. More effort is required to develop or
modify existing models that consider more realistic disinfection
and regrowth conditions to perform reliable assessments andmake
accurate predictions.

dS
dt

¼ k1ðSm � SÞ (3)

dS
dt

¼ k2ðSm � SÞS (4)

Decayphaseindarkness :
dS
dt

¼ �Mt (5)

Here, S is survival ratio (Nr/N0), Sm is the maximum survival
ratio, k is reactivation rate constant, M is the decay coefficient at
decay phase in darkness, and t is the time of regrowth.

Whether conducting a modeling analysis or not, it is always
recommended to extend the timespan of regrowth tests and
conduct frequent observations, especially in the first few hours.

3.2.2. Storage temperature
Tests conducted at low (4 �C), ambient (20 �C), and high (37 �C)

temperatures have revealed that bacterial regrowth under dark
storage conditions is dependent on temperature. Low temperature
(4 �C) hindered bacterial regrowth, whereas high temperature
promoted it (Giannakis et al., 2014). This supports an early inves-
tigation of temperature effects on photoreactivation and dark
repair in UV-treated microorganisms, which observed an increased
survival ratio and decreased reactivation rates (i.e., the reaction rate
9

to reach the maximum survival ratio) with a temperature increase
(5�Ce30 �C) (Salcedo et al., 2007). In one study’s regrowth test, a
relatively high temperature of 44 �C was set as the storage tem-
perature to simulate the wastewater storage conditions in Medi-
terranean countries and the optimum temperature for E. coli
growth (Karaolia et al., 2018). Otherwise, we noticed that a tem-
perature of 20�C-25 �C (i.e., room temperature) was commonly
used for regrowth storage (Table 1); however, few studies consid-
ered the regrowth temperature for simulating actual conditions
and/or for maximizing bacterial growth.

The temperature effect on bacterial regrowth can be attributed
to two factors. First, metabolic activities involved in bacterial
growth are influenced by temperature (Price and Sowers, 2004).
Second, reactivation from a VBNC state and DNA repair processes
also can be temperature-dependent. For example, temperature is
an influential factor in the photoreactivation process because it
affects the complex between DNA photolyases and dimers
(Lindenauer and Darby, 1994). Given the considerable temperature
effect on bacterial regrowth, it is critical to select an appropriate
temperature when designing regrowth tests.

3.2.3. Light conditions
Post-disinfection regrowth tests are mostly conducted in dark-

ness to mimic the conditions of drinking water distribution sys-
tems. Meanwhile, treated wastewater spends an average of 3 h in
the outfall tunnel (Hallmich and Gehr, 2010) before being either
discharged to a natural water body or delivered for water reuse
(e.g., irrigation), thereby exposing it to natural light. Yet, the ma-
jority of previous studies only evaluated regrowth by storing
treated water samples under dark conditions for 1e3 days, despite
targeting wastewater treatment facilities (e.g., Sousa et al., 2017).
Bacterial regrowth behavior is influenced by light/dark conditions
(i.e., the duration of light exposure, and light characteristics) during
post-disinfection storage, especially when UV-induced damage is
the mechanism of the disinfection process. After reaching 1e4.5 log
inactivation by LP-UV or UV-LED irradiation, the regrowth of E. coli
occurred at a considerably lower degree under dark conditions
compared with light exposure under fluorescent lamps (Emission
wavelength: 300e400 nm, 0.012 W m�2 (Li et al., 2017); Emission
peak wavelength ¼ 395 nm (Nyangaresi et al, 2018, 2019a, 2019b)),
in line with the reports on UV disinfection of fecal coliforms and
fungal spores (Hallmich and Gehr, 2010; Wen et al., 2019). These
consistent findings highlight the importance of light/dark condi-
tions in determining bacterial regrowth. Interestingly, E. coli
regrowth after solar disinfection showed dependence on the
wavelengths of fluorescent light prior to dark storage; only blue
(peak wavelength around 380 nm; irradiation less than 80 W m�2)
and green (peak wavelength around 550 nm; irradiation less than
80 W m�2) light caused noticeable photoreactivation of bacteria
that were partially and heavily damaged by solar irradiation,
respectively, though the regrowth extent after fluorescent light
exposure and dark storage was more correlated with the dose of
solar irradiation (R2 > 0.7, p value < 0.001) (Giannakis et al., 2015d).
Furthermore, prolonged dark conditions prior to light exposure,
which hindered photoreactivation of microorganisms such as fecal
coliforms (Hallmich and Gehr, 2010; Wen et al., 2019), is another
crucial factor to consider in regrowth tests. However, this factorwas
often overlooked (Table 1). Considering the increasing interest in
water and wastewater disinfection by AOPs, especially photo-
catalysis and photo-Fenton, it is important to carefully design the
light/dark conditions of regrowth tests.

3.2.4. Water matrix
Water characteristics (e.g., nutrient concentration, osmotic

pressure) substantially influence the severity of the germicidal
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effect and have the potential to alter post-disinfection regrowth
patterns. Spiking filtered river water into wastewater effluent
decreased the concentration of dissolved organic carbon
(17.7e15.6 mg/L), orthophosphate (1.5e1.0 mg/L), ammonia
(0.11e0.03 mg/L), and alkalinity (294.5e248 mg CaCO3 L�1),
thereby hindering the regrowth of UV-irradiated bacteria under
sunlight (Shafaei et al., 2017); this indicates the important role of
nutrients in DNA repair activities. Solar-disinfected E. coli was
introduced to synthetic wastewater and synthetic seawater
(salinity ¼ 3.5%), to reach 50%, 10% and 1% dilution rates, then
stored under dark condition for regrowth tests (Giannakis et al.,
2014). Regardless of the dilution rate, initial populations of
104e106 CFU mL�1 increased to the same eventual population of
108 CFU mL�1 after five-day storage in wastewater. This study also
confirmed that 50% dilution could prolong E. coli survival
(106e107 CFU mL�1 across the five days of storage), while higher
dilution rates (i.e., 10% and 1%) lead to a decay of the E. coli popu-
lation (102e105 CFU mL�1 to 1 CFU mL�1 for 10% dilution;
101e104 CFU mL�1 to 101e102 CFU mL�1 for 1% dilution) during
five-day storage in synthetic seawater, indicating the significant
effect of salinity on bacterial regrowth process (Giannakis et al.,
2014). In another study, lower regrowth of E. faecalis was
observed in artificial seawater (conductivity ¼ 34.82 mS cm�2;
[Cl�]¼ 16.66 g L�1; [SO4

�2]¼ 0.44 g L�1) than in distilled water after
UVC and UV/persulfate disinfection (UV dose ¼ 40 mJ cm�2;
[persulfate] ¼ 1 mM), despite the lower disinfection effectiveness
of seawater (Moreno-Andr�es et al., 2019). In addition to the nutri-
ents and salts inwater, other factors such as turbidity may also play
important roles in the fate of bacteria after light-based disinfection,
but are not discussed here due to scarcity in the literature. In
wastewater disinfection, the effluent is often discharged into nat-
ural water bodies (e.g., rivers and oceans), resulting in a change to
the environment where bacteria live. Nevertheless, most previous
studies have overlooked such changes in water characteristics
while conducting regrowth tests (Table 1); therefore, their evalu-
ations of the degree of regrowth and the effectiveness of disinfec-
tion techniques may be somewhat misleading.
Table 2
Summary of commonly used culture-independent methods for quantification of viable b

Culture-
independent
method

Principle Advantages

LIVE/DEAD
BacLight
Bacterial
Viability test

SYTO 9 labels all bacterial cells; propidium iodide
stains dead bacterial cells with damaged membrane.

�Direct cell obse
and quantificati
�Able to further
by fluorescence
microscope or fl
cytometry
�Relatively chea

EMA- or PMA-
qPCR

EMA and PMA combine with intracellular DNA of
membrane-damaged cells, so that PCR reaction is
hindered.

�Easy to perform
�Acute detectio
�Able to monito
genes

RT-qPCR mRNA has a short half-life time in dead bacterial
cells, so mRNA only exists in living cells and can be
quantified by qPCR after reverse transcription.

�Accurate differ
between viable
cells
�Able to detect
damages of cert

EMA, ethidium monoazide; PMA, propidium monoazide; qPCR, quantitative polymerase
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4. Detection of bacterial regrowth

4.1. Culture-dependent method: plate count

Previous studies confirmed regrowth by standard plate count,
which is a culture-dependent method (CDM). With this method,
regrowth is confirmed if more coliforms are observed during
storage after disinfection. However, such an approach counts only
the culturable fraction of total viable cells, leaving bacteria in a
VBNC state unrecognized, and thus underestimating their biolog-
ical risks. Apart from the potential to reactivate and regrow, VBNC
bacteria carrying ARGs retain a certain level of plasmid gene
transfer efficiency (Salcedo and Kim, 2017) as well as their resis-
tance to antibiotics (Amarasiri et al., 2019). Therefore, it is impor-
tant to distinguish and quantify both culturable and VBNC bacteria
in samples. Moreover, photo-induced DNA damage interrupts DNA
replication and transcription; therefore, cells with such damage
lose their culturability on nutrient medium. However, photo-
damage does not necessarily lead to death. Therefore, it is also
important to quantify cells with DNA damage because, like VBNC
cells, they can potentially recover. The use of nonselective and low-
nutrient media for bacteria cultivation (e.g., plate count agar and
Reasoner’s 2 A agar) would allow for the growth of some injured
cells and result in a higher count than high-nutrient media such as
Luria-Bertani agar (Valero et al., 2017), but would fail to accurately
ascertain viability. In a nutshell, plate count does not satisfy the
requirement for carefully quantifying total viable cells (including
VBNC cells) and bacteria with repairable DNA damages, and so
more advanced detection methods are urgently needed.

4.2. Culture-independent method: molecular-based techniques

Culture-independent methods (CIMs) that equate cell mem-
brane integrity with viability have made possible the detection of
total viable cells. The two most common approaches are a quanti-
tative real-time polymerase chain reaction (qPCR)-based method
using either ethidium monoazide bromine (EMA)- or propidium
monoazide (PMA)-qPCR with reverse transcription (RT)-qPCR, and
a viability assay using LIVE/DEAD BacLight Bacterial Viability Kit
(Fig. 4).
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Fig. 4. Principle and analysis workflow of three culture-independent approaches. EMA, ethidium monoazide; PMA, propidium monoazide; qPCR, quantitative polymerase chain
reaction; RT-qPCR, reverse transcription qPCR.

Fig. 5. Proposed multiplex detection method for the measurement of bacterial regrowth after various light-based disinfection treatments. qPCR, quantitative polymerase chain
reaction; RT-qPCR, reverse transcription qPCR; EMA, ethidium monoazide; PMA, propidium monoazide; FM, fluorescence microscopy; FCM: flow cytometry; CDM, culture-
dependent method (i.e., plate count method).
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Both EMA- and PMA-qPCR methods establish a relationship
between the number of viable cells and the cycle threshold in qPCR
on the basis that EMA/PMA binds to intracellular DNA in dead cells
with damaged membranes and stops DNA amplification in the
qPCR process. A comparison between EMA-qPCR and plate count
was made for the quantification of Legionella spp. during solar-
driven disinfection treatments, including solar, solar/H2O2 and
11
solar/TiO2/H2O2 (Polo-L�opez et al., 2017). The results demonstrated
that EMA-qPCR could detect dead cells when treatment damaged
the cell membrane, but it could not distinguish live and dead cells
in treatments where the membrane was undamaged. Similarly, the
LIVE/DEAD BacLight Bacterial Viability Kit is also based on mem-
brane integrity and uses a green dye to label total cells and a red dye
to label only dead cells (Stokell and Steck, 2012), making it possible
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to quantify viable and dead cells via fluorescent microscopy (FM) or
flow cytometry (FCM). However, FCM with fluorescing dyes was
also found unsuitable for UV disinfection, where the primary
inactivationmechanism is damage to nucleic acid by irradiation (Xu
et al., 2018). Generally, mRNA has a very short half-life (range:
0.5e50 min; typical average: 3 min) and exists only in viable cells
(Takayama and Kjelleberg, 2000), So, the detection of mRNA by RT-
qPCR can be used to reflect bacterial viability, to elucidate the po-
tential for regrowth, or to identify DNA damage if an appropriate
indicator gene is selected (Li et al., 2014; Ding et al., 2017; Zhang
et al., 2015; Lin et al., 2016). It should be noted that for cell quan-
tification purposes, qPCR methods need the help of conventional
plate count to prepare the standard curve for cycle threshold and
the number of bacterial subpopulations (Polo-L�opez et al., 2017).
4.3. Multiplex detection method

Multiplex detection method (Fig. 5) is defined as the combina-
tion of culture-dependent and -independent approaches (Fig. 4) to
realize quantitative testing and deeper understanding of the dy-
namic changes of bacterial population in different physiological
states (Fig. 2). Among the studies on post-disinfection regrowth of
bacteria as summarized in Table 1, we found no application of
multiplex detection method for the assessment of bacterial
regrowth after light-based disinfection.

There is no consensus on which multiplex detection method is
the most precise and accurate. However, one simple validation
method is proposed to ensure and improve the precision and ac-
curacy of multiplex detection methods. Before applying those
culture-independent methods, validation on standard bacterial
suspensions with known concentrations (CFU mL�1) is recom-
mended. By comparing the results from plate count method and
culture-independent methods of standard bacterial suspensions,
judgement on the precision and accuracy of the detection methods
can be made. Following are the procedures to prepare the standard
bacterial suspensions to be examined. Cultures of 100% living
(culturable) and 100% dead cells are needed for preparing the
standard bacterial suspensions. No harmful chemicals and treat-
ments should be involved to obtain the pure culture of living cells
(also culturable in this case), while germicidal chemicals (e.g., 70%
isopropyl alcohol) or physical treatments (e.g., heating and UVC
irradiation) must be applied to prepare the culture of all dead
bacteria cells. Finally, mixtures of the 100% living and dead cell
cultures at several ratios are made and analyzed by different
detection methods.
5. Practical applications of multiplex detection methods

Depending on the primary disinfection mechanisms (i.e.,
membrane and/or DNA damage), different multiplex detection
methods can be employed to quantify viable cells, VBNC cells, dead
cells, the degree of DNA damage, and the repair potential (Fig. 5).

When UV at a wavelength less than 300 nm (i.e., UVB and UVC)
is applied, bacterial genetic materials is the first to be damaged by
adsorbing UV light, inhibiting cell replication. The expression level
of certain genes, quantified by RT-qPCR, can effectively and sensi-
tively reflect bacterial cell viability, or quantify DNA-damaged cells
if DNA damage repair gene is targeted. For example, four primers
were used in the analysis of mRNA by RT-qPCR for analyzing E. coli
viability during UV disinfection (Xu et al., 2018): single-stranded
DNA-binding protein (ssb), chromosomal replication initiator pro-
tein (dnaA), glutamate decarboxylase (gadA), and SOS response and
DNA repair (RecA) primers. The study found that the damage
detected by RecA primer was the most substantial, followed by ssb,
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dnaA and gadA, so the authors suggest the primer for DNA repair
gene (RecA) as a useful tool indicator for bacterial viability (Xu et al.,
2018). Similar to solar and UV disinfection, photo Fenton and photo/
H2O2 are both essentially intracellular processes (Giannakis et al.,
2018a; Feng et al., 2020; Jin et al., 2020), in which oxidative dam-
ages happen to DNA, cytoplasmic proteins and cell wall compo-
nents, so methods sensitive to the change of nucleic acids (e.g., RT-
qPCR) would be suitable for viability tests. In practice, the use of RT-
qPCR to quantify bacterial viability would permit the preparation of
a standard curve between viability indicators such as gene copy
number and culturable cells quantified by CDM, then further VBNC
cells can be quantified as the difference between viable and cul-
turable cells. Therefore, the multiplex detection method (1) (Fig. 5),
combination of RT-qPCR and CDM, is proposed and expected to be
helpful in quantifying viable/DNA-damaged, culturable and VBNC
cells during disinfection by light irradiation, photo-Fenton or
photo/H2O2.

In case of chemical disinfections (e.g., photocatalysis and photo/
chlorination) that primarily damage cell membrane, the multiplex
detection methods (2) and (3), combing CDM with CIMs based on
membrane integrity test, are proposed. For instance, using EMA-
qPCR and plate count method for serial 10-fold diluted Legionella,
the standard curve between cycle threshold (CT) and cell equivalent
(CE) mL�1 given by colony forming units (CFU mL�1) was deter-
mined, so that membrane damaged cells in water treated by pho-
tocatalysis could be quantified (Polo-L�opez et al., 2017). One
possible extension of that study is to further use the standard curve
and plate count method for the quantification of different bacterial
subpopulations including VBNC cells. It should be noted that when
cell membrane remains unaffected during disinfection (e.g., low
dose UVC irradiation), EMA-qPCR and LIVE/DEAD viability test are
not useful for cell quantification.

The concept of multiplex detection methods for different
disinfection techniques is based on the method principles and
primary disinfection mechanism. However, it is also noteworthy to
mention that disinfection mechanisms may change case by case, so
it is highly recommended to implement a selection procedure for
the suitable multiplex detection method especially when a com-
plex disinfection system is targeted (e.g., complicated water matrix
or multiple disinfection processes). Specifically, to implement the
selection procedure for a suitable multiplex detection method, the
three options (1), (2) and (3) shown in Fig. 5 may be considered as
options. For a complex disinfection system, three options may be
applied, then based on the results from those analytical methods,
which reveal the changes of bacterial membrane integrity or gene
copies, the selection can be achieved. For example, when the
membrane integrity measured by PMA/EMA-qPCR or LIVE/DEAD
viability test remains unchanged, these methods should not be
further considered. Note that when the disinfection mechanism is
well understood, the selection does not need to go through the
experiment-based procedure unless for the sake of being rigorous.
Once the selection is completed, the suitable multiplex detection
method can be further applied in extensive experiments of
regrowth tests, to understand the changes in the abundance of
various bacterial subpopulations throughout the period of disin-
fection and post-disinfection storage.

Although multiplex detection methods are more time-
consuming, the various combinations of CDM and CIM allow for
not only reliable estimation of regrowth but also a more compre-
hensive understanding of the underlying mechanisms. Subse-
quently, it would allow us to develop models of different bacterial
subpopulations for the purpose of regrowth evaluation and pre-
diction. Moreover, the deep understanding of post-disinfection
bacterial regrowth would provide a basis for the control of
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bacterial regrowth in water and wastewater treatment, so as to
reduce the potential risks posing to public health and the aquatic
environments. While caution should be taken in clarifying the
mechanisms of disinfection, we strongly recommend transitioning
from a single method to the proposed multiplex detection method.
6. Conclusions

Bacterial regrowth occurs through three mechanisms: 1) reac-
tivation from a VBNC state; 2) repair of photo-induced DNA dam-
age, and 3) reproduction of surviving bacteria in disinfected water.
The literature shows that bacterial regrowth occurs at different
degrees, depending on disinfection processes and post-disinfection
storage conditions. Recent studies on light-based disinfection have
revealed the effectiveness of AOPs such as photocatalysis for sup-
pressing bacterial regrowth compared with UV or solar disinfec-
tion. However, regrowth tests were performed in only a limited
number of studies and did not adequately recreate realistic condi-
tions (e.g., storage duration and temperature). In addition, con-
ventional culture-based methods (i.e., plate count) for counting
bacteria failed to quantify VBNC bacteria and bacteria with photo-
induced DNA damage, both of which have the potential for reac-
tivation and recovery, thereby resulting in inaccurate estimates of
the degree of bacterial regrowth. Thus, more effective evaluation
approaches involving carefully considered experimental designs for
regrowth tests are urgently required, to reduce microbial risk to
public health and aquatic environments via better understanding of
bacterial regrowth process. Based on state-of-the-art techniques
and the knowledge gap that we described in this review, our rec-
ommendations for moving forward are as follows:

� Multiplex detection methods for counting bacteria should be
chosen based on inactivation and regrowth mechanisms,
thereby providing a credible basis for regrowth estimation with
minimal analytical bias.

� Regrowth tests should be designed to simulate actual condi-
tions, especially in cases where the target water is well char-
acterized and the disinfection conditions are well established.

� A comprehensive assessment of various major influential factors
(e.g., organic components, inorganic species, light/dark condi-
tions) in regrowth tests is necessary to provide basic scientific
knowledge on the underlying mechanisms of bacterial
regrowth, particularly for advanced light-based disinfection
processes.

� The ultimate goal is to control undesirable regrowth after
disinfection, which we believe is possible via implementation of
the above-mentioned.
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