
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=best20

Critical Reviews in Environmental Science and
Technology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/best20

Formation mechanisms of viable but
nonculturable bacteria through induction by light-
based disinfection and their antibiotic resistance
gene transfer risk: A review

Yiwei Cai, Jianying Liu, Guiying Li, Po Keung Wong & Taicheng An

To cite this article: Yiwei Cai, Jianying Liu, Guiying Li, Po Keung Wong & Taicheng An (2021):
Formation mechanisms of viable but nonculturable bacteria through induction by light-based
disinfection and their antibiotic resistance gene transfer risk: A review, Critical Reviews in
Environmental Science and Technology, DOI: 10.1080/10643389.2021.1932397

To link to this article:  https://doi.org/10.1080/10643389.2021.1932397

View supplementary material 

Published online: 04 Jun 2021.

Submit your article to this journal 

Article views: 213

View related articles 

https://www.tandfonline.com/action/journalInformation?journalCode=best20
https://www.tandfonline.com/loi/best20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10643389.2021.1932397
https://doi.org/10.1080/10643389.2021.1932397
https://www.tandfonline.com/doi/suppl/10.1080/10643389.2021.1932397
https://www.tandfonline.com/doi/suppl/10.1080/10643389.2021.1932397
https://www.tandfonline.com/action/authorSubmission?journalCode=best20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=best20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10643389.2021.1932397
https://www.tandfonline.com/doi/mlt/10.1080/10643389.2021.1932397


Formation mechanisms of viable but nonculturable
bacteria through induction by light-based disinfection
and their antibiotic resistance gene transfer risk:
A review

Yiwei Caia, Jianying Liua, Guiying Lia,b , Po Keung Wonga, and
Taicheng Ana,b

aGuangdong-Hong Kong-Macao Joint Laboratory for Contaminants Exposure and Health,
Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control, Institute of
Environmental Health and Pollution control, Guangdong University of Technology, Guangzhou,
China; bGuangzhou Key Laboratory of Environmental Catalysis and Pollution Control, Guangdong
Technology Research Center for Photocatalytic Technology Integration and Equipment
Engineering, School of Environmental Science and Engineering, Guangdong University of
Technology, Guangzhou, China

ABSTRACT
Disinfection technologies, espe-
cially light-based disinfection,
have undergone tremendous
development and innovation, but
this treatment can cause bacteria
to enter viable but nonculturable
(VBNC) state. Due to their strong
tolerance, VBNC bacteria cannot
be completely removed by disin-
fection technologies, thereby pos-
ing a potential risk for antibiotic
resistance gene (ARG) transfer.
Therefore, to better understand VBNC bacteria and interpret potential transfer of ARGs,
this article systematically reviewed changes in morphology, physiology and virulence of
bacteria after entering VBNC state. In addition, this article reviewed quantitative detec-
tion methods of VBNC bacteria, such as cell membrane integrity-mediated LIVE/DEAD
Baclight assay, qPCR-based assays, and phage-based detection methods, concluding
that there is still a lack of in-situ and real-time detection methods for VBNC bacteria.
Health risks and environmental application value of VBNC bacteria were then valuated,
with data indicating that VBNC bacteria have great value in the domain of microbial
utilization. Furthermore, the induction conditions (especially by light-based disinfection)
and formation mechanisms of VBNC bacteria were highlighted. Formation mechanisms
mainly involve stringent response, general stress response system and toxin-antitoxin
(TA) system. Moreover, horizontal gene transfer (HGT) of ARGs during and after the
formation of VBNC bacteria induced by light-based disinfection was evaluated.
It was found that ARGs may be transferred through conjugation, transformation and
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transduction. Finally, current deficiencies and future challenges for the transformation of
VBNC bacteria, especially those influenced by light-based disinfection technologies, were
summarized. This review provides new insights into detection methods, formation mecha-
nisms, environmental applications and potential ARG transfer risks of VBNC bacteria.

KEYWORDS VBNC bacteria; gene transfer; formation mechanism

1. Introduction

According to reports by the World Health Organization, bacterial antibiotic
resistance is a serious threat to human health and public safety, affecting
the fight against drug-resistant infections (WHO, 2020). It is estimated that
before 2020, infections caused by antibiotic resistance killed at least 700,000
people worldwide every year (McKenna, 2020). Infections caused by anti-
biotic resistant bacteria (ARB) are becoming more difficult to treat, and the
mortality rate is gradually increasing, especially bacterial infections caused
by multidrug resistant bacteria (MDRB) (Cheng et al., 2021; Prestinaci et
al., 2015). It has been estimated that by 2050, bacterial antibiotic resistance
will cause 10 million deaths globally each year, exceeding the number of
cancer-related deaths (Band et al., 2019). According to this growth trend,
the World Health Organization and US Centers for Disease Control and
Prevention believe that antibiotic resistance will cause a major global crisis,
because common diseases such as diarrhea may develop into serious condi-
tions (Liu, Wang, et al., 2016). Antibiotics have changed the world, yet
their consumption creates an enduring economic puzzle (McKenna, 2020).
The reason for this is that although antibiotics can kill bacteria, these
organisms that are constantly adapting to survival threats. Once a pathogen
is exposed to a new compound, it begins to evolve strategies to resist the
attack. This means that the lifespan of an antibiotic and its income poten-
tial may be limited; a problem that is not seen with most other drugs
(McKenna, 2020). Therefore, more time and effort are required to try and
prevent the further spread of antibiotic resistance.
The abuse of various bactericidal drugs has led to increased concentra-

tions of residual antibiotics in the environment, thereby increasing the anti-
biotic resistance of bacteria (Wang, Zhang, et al., 2021). However, the
increasing risk of antibiotic failure has also increased the threat of develop-
ing and spreading antibiotic resistance genes (ARGs) to the environment
(Bao et al., 2021; Zhao et al., 2021). ARGs are regarded as emerging pollu-
tants that can spread through different channels such as surface water,
groundwater, soil and air, which could result in more pathogenic
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microorganisms acquiring antibiotic resistance and even multidrug resist-
ance (Liang et al., 2020; Zainab et al., 2020). In fact, antibiotic resistance
can not only be induced by the antibiotic use or other external stimuli, but
it can also be obtained through both vertical gene transfer (VGT) and hori-
zontal gene transfer (HGT), such as transformation, transduction, and con-
jugation (Wang, Hou, et al., 2021). VGT represents the inheritance of
genetic material by an organism from its ancestors (Wang, Hou, et al.,
2021). In contrast, HGT represents the process by which organisms pass
genetic material to other cells that are not their offspring (Van Rossum et
al., 2020). Through HGT, genetic material or mobile genetic elements are
transferred between individual bacteria of the same or even different bac-
terial species (Nadeem et al., 2020). Conjugation specifically refers to the
formation of a bridge between two bacteria that are in brief contact with
each other, during which a plasmid is transferred from the donor bacteria
to the recipient bacteria through this bridge (Botelho & Schulenburg,
2021). In recent years, some related reports have revealed that when select-
ive pressure (antibiotics) is introduced, conjugation can rapidly spread anti-
biotic resistance between bacteria (Lerminiaux & Cameron, 2019).
However, information related the use of disinfection methods as a driving
force in the environmental field is rare. Transduction occurs when bacterial
genes are transferred via bacteriophage particles, while transformation
occurs when competent bacteria take up extracellular DNA and then the
imported genes are recombined into the host genome (Lerminiaux &
Cameron, 2019). Although transduction and transformation events are rela-
tively rare, they may still contribute to the spread of ARGs (Gillings, 2017).
Light-based disinfection is a widely used disinfection technology, including

for wastewater treatment, food sterilization, item disinfection, and medical
equipment sterilization (Jiang et al., 2017; Sun et al., 2016). Despite its wide
range of uses, it cannot completely kill bacteria under some environmental
conditions, leading to the emergence of dormant bacteria (Alvear-Daza et al.,
2021; Guo et al., 2019). In recent years, an increasing number of studies have
reported that bacterial dormancy is an important way for bacteria to obtain
antibiotic resistance (Reineke & Mathys, 2020; Wormer et al., 2019), among
which viable but nonculturable (VBNC) cells are a typical dormant subpopu-
lation. The VBNC state is considered an important strategy for bacteria to
respond to environmental stimuli. In this state, bacteria cannot grow on con-
ventional culture media, but they still survive and can be restored to a cultiv-
able wild-type state under favorable conditions (Bodor et al., 2020; Dong et
al., 2020). In recent years, bacterial regeneration after disinfection, that is,
VBNC cells induced by disinfection, has attracted increasing attention (Wang,
Ateia, et al., 2021). Concern is growing as to whether conventional and
emerging disinfection technologies can completely eliminate pathogens. Due
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to their characteristically strong tolerance, VBNC bacteria cannot be com-
pletely eliminated by traditional disinfection techniques, resulting in a poten-
tial risk of ARG transfer. Once the VBNC state is induced, ARB can cause
HGT after being resuscitated under certain conditions (Bodor et al., 2020; Fu
et al., 2020). Therefore, while there is concern about the transfer of ARGs
between conventional wild-type ARB and antibiotic-sensitive bacteria, the fact
that some bacteria escape damage by disinfection technologies through dor-
mancy and gene transfer should not be ignored.
However, a comprehensive assessment into induction of the VBNC state

in the environmental field (especially with respect to light-based disinfec-
tion), as well as the detection, health risks and environmental applications,
is still scarce. Additionally, the potential transfer risk of ARGs from VBNC
bacteria has never been evaluated in detail. This review summarizes the
information reported in recent studies of the characteristics, detection
methods, health risks and environmental applications of VBNC bacteria. In
addition, this review focused on the induction and formation mechanisms
of VBNC bacteria by light-based disinfection technologies, and explains the
potential ARG transfer of VBNC bacteria. Finally, this review clarifies the
potential threat of antibiotic resistance spread from VBNC bacteria by
combining HGT processes, and provides a new perspective for controlling
the spread of ARGs in the natural environment.

2. Characteristics of viable but nonculturable bacteria

At present, a variety of bacteria can reportedly induce the VBNC state,
including Escherichia coli (Fu et al., 2020; Zhou et al., 2020), Campylobacter
(Wulsten et al., 2020), Helicobacter pylori (Dey et al., 2020), Pseudomonas
aeruginosa (Mangiaterra et al., 2020; Zhang et al., 2015), Staphylococcus
aureus (Goncalves & de Carvalho, 2016; White et al., 2020), Vibrio cholerae
(Wu et al., 2020), Salmonella (Liao et al., 2019; Salive et al., 2020), Vibrio
parahaemolyticus (Yoon & Lee, 2020; Zhao et al., 2020) and Vibrio vulnifi-
cus (Nowakowska & Oliver, 2013). According to a related report, more
than 100 kinds of bacteria are able to enter the VBNC state and are related
to the fields of food safety, environmental applications and agricultural dis-
eases (Dong et al., 2020). VBNC bacteria can be detected in common envir-
onmental media such as seawater (Xu et al., 2018), tap water (Schrammel
et al., 2018; Zhang et al., 2018), soil (Fu et al., 2020) and air (White et al.,
2020), as well as special environmental media such as microplastics
(Bowley et al., 2021) and food (Wulsten et al., 2020). VBNC bacteria are
widely distributed and have rich species diversity. However, how bacteria
resist external stimuli by enter the VBNC state requires further
detailed review.
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2.1. Morphology

When induced into the VBNC state, bacterial cells usually shrink and form
a spherical shape, which seems to a deformation strategy with higher toler-
ance (Figure 1). Common bacilli, such as E. coli, C. sakazakii, Klebsiella
pneumoniae, H. pylori and Salmonella, transform into ellipsoidal or spher-
ical shapes after entering the VBNC state (Alvear-Daza et al., 2021; Fu et
al., 2020; Orta de Velasquez et al., 2017; Salive et al., 2020; Zhang et al.,
2020), while common vibrio, such as V. cholerae and V. parahaemolyticus,
change from arc to ellipsoidal or spherical shapes (Jayakumar et al., 2020;
Zhao et al., 2020). Morphologically transforming to a spherical shape seems
to be a common strategy. Bacteria may reduce their metabolic activity by
decreasing their specific surface area and further reducing the exchange of
substances through their cell surface.
Analysis of VBNC bacterial cell ultrastructure by transmission electron

microscopy showed that the bacterial cytoplasm was significantly reduced
(Gu et al., 2020). In addition, transmission electron microscopy of cross
sections and longitudinal sections of VBNC bacteria showed that the cell
wall thickness and roughness had significant heterogeneity compared with
cells in the logarithmic phase and after resuscitation (Jia et al., 2020). The
average cell wall thickness of VBNC bacteria (16.20 ± 2.08 nm) was signifi-
cantly greater than that of bacteria in the logarithmic phase (11.26 nm ±
2.01 nm) and after resuscitation (10.70 ± 2.36 nm). There is no doubt that
the morphological change into a spherical shape leads to increased cell wall
thickness, which makes bacteria more tolerant to external stimuli. Further

Figure 1. The transition of the morphological, physiological and virulence characteristics of bac-
teria after entering the VBNC state.
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analysis of the surface microstructure of VBNC bacteria by atomic force
microscopy and scanning electron microscopy showed that the surface
becomes rough and unevenly wrinkled after entering the VBNC state (Jia
et al., 2020; Salive et al., 2020), which may be due to morphological spher-
oidization. In addition, the roughened surface seems to make it easier for
bacteria to attach to the surface of materials, providing the prerequisite for
the formation of stubborn biofilms (Stewart & Franklin, 2008).
When evaluating the compositional changes of peptidoglycan, a component

of the cell wall, Fourier transform infrared spectroscopy demonstrated that
the cell wall composition of VBNC bacteria is indeed different from that of
logarithmic phase cells (Jia et al., 2020). Although the surface morphology
undergoes more obvious changes, the bacterial cell membrane does not suffer
any damage and remains intact (Salive et al., 2020), but the membrane poten-
tial does change significantly (de Medeiros Barbosa et al., 2020). The mem-
brane potential of bacteria is mainly regulated by intracellular Kþ. When the
bacteria enter the VBNC state, the Kþ in the cytoplasm leaks, causing
depolarization, and the fluidity of the membrane deteriorates to some extent
(Ramamurthy et al., 2014). Since Kþ is an important biological indicator for
maintaining osmotic pressure and steady-state pH of the cell, the leakage of
Kþ is likely to be the cause of the deteriorated membrane fluidity, which is
related to the fatty acid composition (Mikoyan et al., 2020). The fatty acid
profiles of VBNC V. parahaemolyticus and VBNC V. vulnificus have been
shown to be very different from their wild-type counterparts (Jia et al., 2014).
Another study showed that phospholipid saturation and chain length can
affect membrane fluidity (Day & Oliver, 2004), and that changes in the fatty
acid composition may be beneficial to induction of the VBNC state.
Interestingly, a study pointed out that decreased membrane potential,

unsaturated fatty acid content and membrane fluidity levels will facilitate
induction of the VBNC state, which leads to a temporary increase in
plasma membrane rigidity (Trinh et al., 2015). A recent study reported that
the stiffness and strength of E. coli are mainly attributed to the outer mem-
brane rather than the covalently cross-linked cell wall, as is commonly
believed (Rojas et al., 2018). Both lipopolysaccharides and proteins contrib-
ute to the stiffness of the outer membrane, and mechanical loads are usu-
ally balanced between these structures. This provides new insights into how
VBNC bacteria respond to stress conditions through cell membrane fluidity
from the perspective of the outer membrane.

2.2. Physiology

In addition to changes in the morphology, the bacterial physiology also
changes significantly after entering the VBNC state (Figure 1). Specifically,
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transmission efficiency of nutrients and substances is lower; the metabolism
and respiratory activity decreases; the composition of the cell wall and mem-
brane changes; and gene expression levels are altered (Bodor et al., 2020;
Dong et al., 2020). Compared with dead cells, VBNC bacteria retain high lev-
els of rRNA, undamaged genetic information and plasmids (Oliver, 2010). In
addition to retaining basic intracellular material, VBNC bacteria can continue
to transcribe, producing mRNA, and they take in amino acids to incorporate
into proteins (Lleo et al., 1998). As the morphology undergoes significant
changes, the shape of bacillus or vibrio cells become spherical, thereby sig-
nificantly changing the specific surface area. The lower specific surface area
significantly affects the transmission of nutrients and other molecules.
Previous studies have clarified that the respiration rate, material transmis-

sion rate and macromolecule synthesis process of bacteria are significantly
reduced after the bacteria enter the VBNC state (Yoon & Lee, 2020; Zhao et
al., 2016). The decreased respiratory efficiency may be attributed to a weaken-
ing of the material transmission rate. Inhibition of the respiratory rate allows
the bacteria to survive with lower activity, while the sensitivity to external
stimuli decreases. Although VBNC bacteria are usually in a low-activity state,
they still retain activity, and they can resuscitate and restore culturability
under favorable external conditions (Bodor et al., 2020; Lindback et al., 2010).
Surprisingly, the ATP content in VBNC bacteria is maintained at a relatively
high level. This may be due to the fact that the bacteria are in a deep dor-
mant state and the related energy-consuming metabolic processes are inhib-
ited (Fu et al., 2020; Lindback et al., 2010), causing ATP accumulation.
Although these bacteria retain a high ATP level, ATP production is still lower
than culturable bacteria and resuscitated cells (Bodor et al., 2020; Fu et al.,
2020). The content of the second messenger cAMP, another metabolite of
ATP, is significantly higher in VBNC bacteria than in culturable bacteria (Fu
et al., 2020). cAMP has been shown to play an important role in cell survival
and resistance to environmental stimuli (Vanlint et al., 2013), which suggests
that it may have a positive effect on the induction of VBNC bacteria.
The depolymerization of protein aggregates, which are biomarkers for

the depth of microbial dormancy, is an energy-consuming process that
depends on ATP (Huemer et al., 2021). In order to rejuvenate VBNC bac-
teria, it is necessary to depolymerize and clear protein aggregates, thereby
restoring protein homeostasis (Yeom & Groisman, 2021). A large number
of protein aggregates were found to have formed in VBNC E. coli, but
almost no protein aggregates were observed within the logarithmic phase
cells and resuscitated cells (Fu et al., 2020; Yeom & Groisman, 2021). This
seems to indicate that E. coli entering the VBNC state is accompanied by
the formation of protein aggregates, while the subsequent resuscitation cor-
responds to aggregate decomposition.
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2.3. Virulence

Like the changes in metabolic activity and respiratory efficiency, bacterial
virulence also decreases after entering the VBNC state (Rahman et al.,
1996), however some VBNC bacteria still retain basic virulence
(Dietersdorfer et al., 2018; Rahman et al., 1996). Previous work reported
that VBNC Legionella strains can still infect ameba and human macro-
phages after one year of starvation (Dietersdorfer et al., 2018). However,
while VBNC Legionella pneumophila induced by monochloramine treat-
ment still produced virulence proteins, but virulence factors accumulated
by VBNC bacteria are not enough to maintain their virulence (Alleron et
al., 2013). Campylobacter jejuni enters the VBNC state at 4 �C and still
maintains a virulent state and may cause human diseases (Chaisowwong et
al., 2012). VBNC Listeria monocytogenes and Salmonella enterica serovar
Thompson induced by chlorine stress are still infectious (Highmore et al.,
2018). However, most bacteria that enter the VBNC state tend to lose their
virulence, but may recover during subsequent resuscitation (Lleo et al.,
1998; Lothigius et al., 2010). One study showed that Aeromonas hydrophila
lost the ability to dissolve human red blood cells and adhere to McCoy cells
after entering the VBNC state, but recovered after resuscitation (Maalej et
al., 2004). Although VBNC enterotoxigenic E. coli maintains cell integrity,
it does not secrete heat-labile nor heat-stable enterotoxin (Lothigius et al.,
2010). Mice exposed to drinking water containing VBNC H. pylori via the
gavage method were not infected (Boehnke et al., 2017). Proteomics and
transcriptomics of VBNC E. coli O157:H7 induced by high-pressure CO2

showed that most genes and proteins related to pathogenicity were down-
regulated, and the results were verified by adhesion tests (Zhao et al.,
2016). In summary, there is currently no consensus on whether the viru-
lence of VBNC pathogens is retained, which may be attributed to the dif-
ferent virulence retention capabilities of different bacterial genera.
Obviously, the morphology, physiology, and virulence of VBNC bacteria

are different than wild-type bacteria. Although bacteria cannot replicate
and proliferate after entering the VBNC state, their ability to exchange
genes between themselves or wild-type bacteria is worthy of further study.
At present, few if any, researchers have paid attention to the gene transfer
ability of VBNC bacteria, so this should be a focus of future research.

3. Detection, risk and application of viable but nonculturable bacteria

3.1. Quantitative detection methods

Before seeking a method to eliminate VBNC bacteria, simpler and faster
detection methods should be explored to facilitate more comprehensive
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and in-depth research of VBNC bacteria. The main differences between
VBNC bacteria and normal culturable cells, damaged cells and dead cells are
their culturability, membrane integrity and activity. Based on these differen-
ces, different detection methods can be designed to distinguish and calculate
VBNC bacteria (Table 1S) (Ding et al., 2017; Truchado et al., 2020).

3.1.1. Live/dead baclight assay
A common method to detect total viable cells is through differential stain-
ing, which stains all viable and dead cells separately so they can be counted
via fluorescence microscopy or flow cytometry. A commonly used method
is LIVE/DEAD Baclight assay, which relies on SYTO 9 and propidium iod-
ide fluorescent probes (Ding et al., 2017; Foddai & Grant, 2020). The green
fluorescent probe SYTO 9 penetrates both intact and damaged cell mem-
branes, so that all cells fluoresce green. The red fluorescent stain propidium
iodide only penetrates damaged cell membranes and is used to mark mem-
brane-permeable cells (Salive et al., 2020). The number of cells with a red
fluorescent signal is subtracted from the total number of cells with green
fluorescence to obtain the total number of viable cells. Although this
method has the advantages of sensitivity, intuitive results and a short proc-
essing time, it also has disadvantages such as requiring expensive dyes and
equipment. Furthermore, when using flow cytometry for quantification, the
operation is more complicated and requires both positive and negative con-
trols. In addition, this method requires a combined plate count method to
calculate VBNC bacteria (Table 1S).

3.1.2. QPCR-based assays
In addition to LIVE/DEAD Baclight assay, reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) and real-time (quantitative)
polymerase chain reaction (qPCR) are also common and useful methods
for detecting VBNC bacteria (Foddai & Grant, 2020; Truchado et al., 2020;
Wulsten et al., 2020). The principle of RT-qPCR-based detection is that the
mRNA of dead cells will not be detectable after a short period, but the
mRNA of live cells can still be assayed, so this method can be used to
detect the presence of all viable cells (Dong et al., 2020; Yoon & Lee, 2020).
The principle of qPCR-based detection to expose cells to specific com-
pounds that penetrate membrane-permeable cells, causing irreversible dam-
age to nucleic acids under subsequent light exposure, thereby strongly
inhibiting PCR amplification of non-viable cells (Li et al., 2014). The end
result is that only the DNA of cells with intact membranes will be ampli-
fied (Emerson et al., 2017). Zhou et al. applied propidium monoazide for
cross priming amplification analysis to quickly detect foodborne VBNC E.
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coli O157:H7 (Zhou et al., 2020). Another study report a combined detec-
tion method for VBNC V. parahaemolyticus by using immunomagnetic
separation with an improved propidium monoazide (Zhao et al., 2020).
Truchado et al. combined ethidium monoazide with an improved propi-
dium monoazide as DNA amplification inhibitors, followed by qPCR to
detect VBNC cells in the wash water from fresh produce processing
(Truchado et al., 2020). Baro et al. also used an optimized mixture of PMA
and EMA combined with qPCR to detect VBNC Xylella fastidiosa induced
by BP100 peptide conjugates (Baro et al., 2020). Although the above meth-
ods are sensitive, specific and rapid, it is necessary to combine the hetero-
trophic plate count method to know the number of VBNC bacteria.

3.1.3. Phage-based detection methods
Bacteriophages are viruses that exclusively infect bacteria, so direct or
indirect detection technology based on phages are also a promising means
to detect VBNC bacteria (Foddai & Grant, 2020; Richter et al., 2018). The
principle of phage-mediated detection is mainly infection of the target bac-
terial host by the labeled phage. The number of VBNC bacteria can be
indirectly determined by detecting the amount of amplified label, because
the labeled phage can only replicate and proliferate in viable bacteria
(Richter et al., 2018). The most basic phage-based detection method is the
plaque assay (Macori et al., 2020). In the plaque assay, a monolayer of tar-
get bacteria is spread on agar and then subsequently infected with phages,
after which the monolayer is covered by a second agar layer. Infected host
bacteria subsequently lyse, releasing vial prodigy to neighboring bacteria,
thereby forming plaques vacant of bacterial cells (Gerrard et al., 2018;
Macori et al., 2020). Since foreign phages that failed to infect may not be
sufficiently removed, PCR identification of plaque DNA is sometimes
required (Botsaris et al., 2016). Based on the released DNA and progeny
phages after lysis of the infected host, qPCR technology can quickly quan-
tify the DNA of the host and progeny phage (Anany et al., 2018).
Although some basic or emerging detection methods for VBNC bacteria

have been summarized above, there is still a lack of in-situ and real-time
detection methods for VBNC bacteria that may be formed during the pro-
cess of sewage disinfection, which is detrimental to the optimization of dis-
infection technologies. Therefore, some new real-time and in-situ detection
methods for VBNC bacteria should be developed in the near future.

3.2. Health risks

A recent study showed that the glaciers in the Canadian Arctic are melting
at an unprecedented rate, gradually exposing the 40,000-year-old landscape,
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along with its ancient vegetation and ancient bacteria (Fouche et al., 2020).
These long-dormant ancient pathogens may cause diseases, so humans
should think about how to deal with these unknown bacteria and viruses
(McKenna, 2020; Zhong et al., 2020).
There is no doubt that the ability to enter the VBNC state is beneficial

for bacteria, but it may also be harmful to human health. VBNC bacteria
will resuscitate under suitable conditions, which is undoubtedly dangerous
for human health. Regardless of how the bacteria entering the dormant
state in the environment, these VBNC bacteria are present in food and
drinking water systems (Zhang et al., 2018). According to the report,
although the quality of our daily drinking water meets national drinking
water standards, the presence of VBNC pathogens can still be detected in
biofilms and water in drinking water distribution system (Zhang et al.,
2018). Related research also detected VBNC bacteria in pasteurized milk,
suggesting that pasteurization may be a factor in the formation of the
VBNC state by some dairy bacteria (Gerrard et al., 2018). Dry weather can
also induce L. monocytogenes on vegetables to enter the VBNC state. Vibrio
parahaemolyticus in seafood and E. coli O157: H7 in meat are important
targets of VBNC bacteria-related research (Lv et al., 2020; Zhao et al.,
2020). The above evidence shows that VBNC bacteria can affect our daily
lives, so they must be dealt with cautiously and their formation must be
controlled prevent health risks.

3.3. Environmental applications

Microorganisms have great potential for promoting environmental sustain-
ability in the restoration of environmentally contaminated sites and waste
degradation (Lee et al., 2021). However, due to limited cultivation technol-
ogies, most microorganisms cannot be used for this purpose. At present,
VBNC microbial populations occupy a dominant position on the earth
(Bodor et al., 2020; Dong et al., 2020). Although the current information
about VBNC bacteria is diverse, little is known about their role in the field
of environmental remediation. The progress of resuscitating VBNC bacteria
through signal transduction compounds, such as resuscitation promoting
factor (Rpf) and quorum sensing autoinducers, provides unlimited resour-
ces for environmental restoration (Wang, Wang, et al., 2020). For example,
Su et al. reported a new method of using Rpf to enhance the biological
treatment of salt-containing phenolic wastewater. The combination of Rpf
and a membrane bioreactor system under high salinity stress improved the
phenol degradation ability of activated sludge (Su et al., 2019). Liu et al.
also reported the use of Rpf-containing supernatant to enhance the bio-
logical nutrient removal of potentially functional bacteria in a sequencing
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batch reactor (Liu, Su, et al., 2016). The extracellular organic matter of M.
luteus was also shown to enhance biphenyl degradation from polychlori-
nated biphenyl-contaminated sediments (Su et al., 2015). Hence, these stud-
ies suggest that the resuscitation of VBNC bacteria can make a significant
contribution to the treatment of wastewater.
There is no doubt that restoring the cultivability of the dormant mem-

bers within the microbial community will have an important impact on
environmental restoration. Thoroughly solving the problem of restoring the
cultivability of microorganisms is likely to be the key to future environ-
mental restoration, thereby promoting the sustainable development of the
future world. Therefore, it is very beneficial to develop new and universal
methods for recovering different VBNC bacteria, so that they can be used
in microbial biotechnologies in the future.

4. Induction conditions and formation mechanisms

A thorough understanding of various induction conditions and formation
mechanisms of VBNC bacteria is still required. Light-based disinfection is
widely used in wastewater treatment and the sterilization of many items,
including food and medical devices, and it exhibits irreplaceable advantages
in various fields. Therefore, this section mainly describes the general induc-
tion conditions, light-based disinfection technology induction, and forma-
tion mechanisms of VBNC bacteria.

4.1. General induction conditions

So far, it has been reported that bacteria can be induced to enter the
VBNC state by low temperature (Wu et al., 2020), high temperature (Fu et
al., 2020), acidity (Salive et al., 2020), alkalinity (Jayakumar et al., 2020),
nutritional deficiencies (Dietersdorfer et al., 2018), high pressure (Zhao et
al., 2016), hypoxia (Kvich et al., 2019), heavy metal stress (Nowakowska &
Oliver, 2013), disinfectants (chlorine (Highmore et al., 2018; Orta de
Velasquez et al., 2017), chloramine (Alleron et al., 2013), ozone (Orta de
Velasquez et al., 2017), etc.), light-based disinfection technologies (dis-
cussed below), antibiotics (Mangiaterra et al., 2020; Zhang et al., 2020) and
other adverse conditions. Table 2S summarizes some non-light-based fac-
tors associated with induction of VBNC bacteria, and the corresponding
microbial targets, according to the nature of the induction conditions.
Entering the VBNC state seems to be an effective long-term adaptive

strategy for bacteria to deal with stimuli, because low temperature stress
and nutritional deficiencies are commonly encountered in the environment,
but they do not affect the long-term survival of VBNC bacteria
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(Dietersdorfer et al., 2018). Under auxotrophic conditions, VBNC
Legionella can survive and infect ameba and human macrophages
(Dietersdorfer et al., 2018; Schrammel et al., 2018). However, under certain
induction conditions, the VBNC state seems to be an urgent emergency
response. When the living environment suddenly becomes adverse, includ-
ing due to high temperature, acidity, alkalinity, salinity or pressure, bacteria
will elicit an emergency response to enter the VBNC state (Table 2S).
Surprisingly, in a co-cultivation experiment of lactic acid bacteria with L.
monocytogenes or S. enterica serovar enteritidis, the lactic acid bacteria
inhibited the growth of both L. monocytogenes or S. enterica serovar enteri-
tidis, inducing them to form VBNC bacteria (Mariam et al., 2017). In a co-
culture experiment with Hartmannella vermiformis and L. pneumophila, it
was observed that the latter was induced into the VBNC state (Buse et al.,
2013). These studies clarify that when different bacteria are co-cultured, the
weaker strain may enter the VBNC state to escape death due to inhib-
ition effects.
The formation of VBNC bacteria cannot be prevented by common anti-

biotics (including tobramycin (Mangiaterra et al., 2020), norfloxacin (Jia et
al., 2020), ampicillin (van Tatenhove-Pel et al., 2019), vancomycin and
teicoplanin (Goncalves & de Carvalho, 2016)), antibacterial agents (includ-
ing benzalkonium chloride (Noll et al., 2020), essential oils (de Medeiros
Barbosa et al., 2020), antimicrobial peptides (Baro et al., 2020) and squala-
mine (Nicol et al., 2019)) and disinfectants (including chlorine, chloramine,
hydrogen peroxide, quaternary ammonium salts and ozone) (Table 2S); nor
does it seem that they can completely kill the bacteria. VBNC bacteria may
be virulent before and after resuscitation.
The induction efficiency of VBNC bacteria under low temperature condi-

tions is usually high. For example, Lv et al. used low temperature condi-
tions to induce 5.5–6.5 in 6.5 log of E. coli O157:H7 into the VBNC state
(Lv et al., 2020). Similarly, Boehnke et al. induced all 6.0 log of H. pylori
into the VBNC state with low temperature (Boehnke et al., 2017).
However, although some other conditions may be highly efficient at induc-
ing VBNC bacteria, there may be large fluctuations in the results. Fu et al.
used high temperature to induce only 2.1–6.5 in 7.5 log of E. coli O157:H7
into the VBNC state (Fu et al., 2020). Han et al used neutral electrolyzed
oxidizing water to induce three kinds of VBNC bacteria with efficiencies of
0–8.2 in 8.5 log of E. coli O157:H7, 0–8.2 in 8.4 log of Salmonella
Enteritidis and 0–8.3 in 8.5 log of Yersinia enterocolitica (Han et al., 2018).
The information summarized in Table 2S shows that various environmental
conditions may induce VBNC bacteria, and we cannot eliminate the exist-
ence of natural conditions. However, disinfection technologies used in
wastewater treatment plants (WWTPs) seek to completely eliminate
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pathogenic bacteria. If this disinfection also induces VBNC bacteria, it will
be concerning.

4.2. Induction by light-based disinfection technologies

Distribution systems and WWTPs are designed to ensure the safety of
water or human use and maintain an ecological balance. In these two sys-
tems, disinfection is an essential and final process to ensure the safety of
water in water treatment. The purpose is to kill pathogenic microorganisms
in the water, which subsequently plays an important role in the control of
antibiotic resistance (Sharma et al., 2016). The effects and disadvantages of
traditional disinfection methods (such as chlorine, ultraviolet (UV) and
ozone) on the control of antibiotic resistance have been well explained.
However, light-based disinfection technologies including UV have seen new
developments in recent years (Rodriguez-Chueca et al., 2019). The follow-
ing subsections focus on the impact of light-based disinfection technologies
on the induction of the VBNC state and summarize some recent related
developments (Table 1).

4.2.1. Ultraviolet irradiation
Due to its broad-spectrum disinfection ability, low cost and high effective-
ness, UV is the most common light-based disinfection technology used in
water disinfection processes (Song et al., 2016). UV is different from con-
ventional chemical disinfection methods (chlorination and ozonation) in
that it targets nucleic acids but preserves the integrity of cells, while chem-
ical disinfection mainly causes bacterial death through oxidative damage to
the cell membrane (Sharma et al., 2016). However, due to the UV treat-
ment causes complex and diverse substances within the water after treat-
ment, as well as the economic and equipment limitations, conventional UV
doses cannot guarantee complete inactivation of bacteria (Song et al., 2016;
Zhang et al., 2015). A recent study showed that even under irradiation con-
ditions, a biofilm could form and cover the surface of the UV lamp, hin-
dering the penetration and intensity of the UV, thereby reducing the
disinfection efficiency (Torkzadeh et al., 2021). The covering on the UV
lamp needs to be cleaned regularly through condensation and filtration,
and upstream water needs to be clarified (EPA, 2011).
In addition, an increasing body of evidence shows that UV has no lasting

residual disinfection ability; that it can easily induce the entry into the
VBNC state; and that there may be light reactivation and dark repair, thus
limiting the effectiveness of this disinfection method (Guo & Kong, 2019;
Zhang et al., 2015). UV is the general term for radiation with wavelengths
from 10 nm to 400 nm in the electromagnetic spectrum. According to the
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distribution of wavelengths, UV can be divided into UVA (315–400 nm),
UVB (280–315 nm) and UVC (< 280 nm), which is the most widely used
in disinfection technology (Song et al., 2016). UVC induces more cases of
VBNC bacteria than UVA or UVB (Table 1). Early 1999, Fiksdal and
Tryland investigated the effects of UVC and two other types of light on E.
coli cell function, and found that UVC induces 5.9 in 6.0 log of E. coli to
into the VBNC state (Fiksdal & Tryland, 1999). Furthermore, Guo et al.
found that UVC induced 5.0–6.0 in 6.0 log of Aeromonas, Pseudomonas
and S. aureus into the VBNC state based on CTC-FCM assays and D2O-
labeled Raman spectroscopy (Guo et al., 2019), while the effects of UVC on
the formation of VBNC P. aeruginosa, L. pneumophila and Bacillus subtilis
have also been observed (Grossi et al., 2018; Kong et al., 2016; Zhang et al.,
2015). Although not as popular as UVC, UVB has also received much
attention recently. Villarino et al. used UVB to induce VBNC E. coli
(Obiri-Danso et al., 2001), which is consistent with the phenomenon
observed in a previous study by Muela (Muela et al., 2000). Although UVA
has a longer wavelength, it can induce Salmonella typhimurium and E. coli
to enter the VBNC state (Chatzisymeon et al., 2011; Idil et al., 2010, 2011).
For instance, Idil et al. used UVA to induce 4.5 in 6.1 log of S. typhimu-
rium and 4.5 in 5.8 log of nonpathogenic E. coli into the VBNC state (Idil
et al., 2010, 2011). The above evidence fully demonstrates that although
UV is widely used, it is still an insufficient disinfection technology and it
can easily induce various bacteria into the VBNC state.

4.2.2. Sunlight and visible light
In addition to UV, sunlight and visible light have also been used to explore
the induction of VBNC bacteria. The principle of SODIS is to use UV and
thermal heating (pasteurization) to inactivate pathogenic microorganisms
(Pichel et al., 2019). Davies and Evison reported that when exposing salt-
water and fresh water containing Salmonella and E. coli to natural sunlight,
Salmonella entered the VBNC state (Davies & Evison, 1991). Some subse-
quent reports have also demonstrated the formation of VBNC E. coli under
the action of natural sunlight (Pommepuy et al., 1996; Servais et al., 2009).
The possible reason for this is that seawater contains a large amount of
NaCl; when Cl- is excited by UV in the sunlight, it produces �OH, and the
oxidation attack of �OH leads to the formation of VBNC bacteria (Zhang
et al., 2019).
In addition to sunlight, the ability of visible light to inactivate microor-

ganisms has also been explored. Gourmelon et al. studied the effect of vis-
ible light on E. coli in a seawater microenvironment and found that 4.5 in
7.0 log of E. coli suspended in nutrient-poor seawater under 40 klx of vis-
ible light irradiation drastically reduced the cultivable bacteria and
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converted to them to the VBNC state (Gourmelon et al., 1994). During the
photosynthesis process of green plants, the solar radiation that is able to
excite chlorophyll molecules is called photosynthetically active radiation,
which is within the spectral energy range of 400–700 nm wavelengths
(Muela et al., 2000). Photosynthetically active radiation has also been con-
firmed to induce the formation of VBNC bacteria, which seems to indicate
that it may protect plant pathogenic bacteria (Muela et al., 2000). The
above evidence shows that although SODIS has attractive advantages, both
UV and visible light within sunlight may cause the formation of VBNC
bacteria, thereby resulting in incomplete disinfection of bacteria in
water systems.

4.2.3. Pulsed light and gamma rays
Pulsed light and gamma rays are also widely used as disinfection technolo-
gies for food safety, so it is worth investigating whether they have potential
disinfection risks. The principle of pulsed light is to kill microorganisms
using one or several high-power ultra-short-duration broad-spectrum light
pulses between 200 and 1100 nm (Kramer & Muranyi, 2014). In a study by
Kramer and Muraniyi, the formation of 6.5 in 7.0 log of VBNC Listeria
innocua and E. coli were induced by pulsed light, as monitored by flow
cytometry combined with different fluorescent dyes (Kramer & Muranyi,
2014). Similarly, two other studies also used flow cytometry to investigate
pulsed light induction of the VBNC state of Saccharomyces cerevisiae and
Botrytis cinerea in apple juice (Ferrario et al., 2014; Romero Bernal et al.,
2019). Gamma rays are similar to visible light, but with much higher
energy. During radiotherapy, DNA molecules are severely damaged, causing
the microorganisms to lose their ability to reproduce (Caillet et al., 2005;
Nei et al., 2010). Gamma–ray radiation disinfection was shown to induce
two foodborne bacteria, L. monocytogenes and S. aureus into the VBNC
state (Trudeau et al., 2012). Two other studies also confirmed that gamma
rays were the factor inducing the formation of VBNC E. coli O157:H7
(Caillet et al., 2005; Nei et al., 2010).

4.2.4. Photocatalysis
Building on the above-mentioned light-based disinfection technologies,
some technologies have been reported that synergistically exert better effi-
ciency with the addition of chemicals. Among these technologies, photo-
catalysis has been widely applied. In one study, it was reported that 3.4–5.4
in 6.0 log of E. coli, 3.2–3.8 in 6.0 log of S. aureus and 3.9–5.7 in 6.0 log of
P. aeruginosa were induced into the VBNC state under a UVA and TiO2

treatment (Carre et al., 2013). Interestingly, UVA, UVC and simulated
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sunlight also induced E. faecalis into the VBNC state with the catalyst TiO2

(Venieri et al., 2011). Two other studies reported that TiO2 and UVA-
mediated photocatalysis induces the formation of 5.0 in 6.0 log and 8.0–9.0
in 9.0 log of VBNC E. coli (Kacem et al., 2016; Smith et al., 2013). In add-
ition to photocatalysis, alternative technologies, such as photo-oxidation
disinfection, have also been reported (Alvear-Daza et al., 2021). A recent
study showed that adding H2O2 to natural well water under simulated sun-
light irradiation can induce the VBNC state during the inactivation of E.
coli and K. pneumoniae (Alvear-Daza et al., 2021).
Compared with other disinfection technologies, light-based disinfection

is often applied for the elimination of pathogenic bacteria in food and
water that is closely related to human health; therefore, it should be paid
more attention. In summary, although light-based disinfection has various
advantages and application prospects, the summarized evidence is sufficient
to demonstrate that these technologies can induce the entry into the VBNC
state at certain moments, resulting in an inability to completely inactivate
all bacteria. Obviously, we must be more cautious when using these disin-
fection technologies within the domains of environmental treatment, and
medical, health and food safety. Hence, a thorough understanding and
explanation of the formation mechanisms of VBNC bacteria will benefit
the development and improvement of future disinfection technologies.

4.3. Formation mechanisms

Formation mechanisms of VBNC bacteria are still the focus of current
research. The stringent response mechanism occurs after bacteria or plants
receive an amino acid starvation signal mediated by the alarmone, guano-
sine tetraphosphate and guanosine pentaphosphate (collectively referred to
as (p)ppGpp). There is evidence that E. coli mutants that cannot produce
ppGpp are less likely to be induced into VBNC bacteria, while bacteria that
overproduce ppGpp are more likely to be induced to the VBNC state
(Boaretti et al., 2003). This means that the stringent response plays an
important role in the formation of VBNC bacteria (Figure 2). VBNC V.
cholerae O1, was found to have highly up-regulated expression of the relA
gene, which is involved in the stringent response signaling pathway. RelA
catalyzes the synthesis of ppGpp and causes it to accumulate in the cell,
which in turn affects the synthesis of DNA, RNA and proteins, leading to
growth arrest (Mishra et al., 2012). The general stress response system,
mainly controlled by RNA polymerase rS (RpoS) and LysR transcription
regulator (OxyR), also plays an important role in the induction and forma-
tion of VBNC bacteria (Boaretti et al., 2003; Liao et al., 2019). The rpoS
gene is important for activating the formation of VBNC bacteria and acts
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as the main signal to regulate the stress response factor. RpoS endows bac-
teria with tolerance to a variety of environment stressors, while OxyR is
mainly involved in the process that allows bacteria to deal with oxidative
stress. Evidence suggests that OxyR is an important regulatory protein, and
its absence causes the VBNC state in many bacteria such as S. typhimurium
(Liao et al., 2019). The transcription and translation of rpoS is regulated by
ppGpp, and downstream rpoS further encodes the sigma factor (Figure 2)
(Boaretti et al., 2003).
In recent years, the toxin-antitoxin (TA) system has also been reported

to participate in regulating the entry of bacteria into the VBNC state
(Gupta et al., 2016; Zhang et al., 2020). The main reason for this is that the
expression of toxins inhibits bacterial growth, which makes them enter the
VBNC state (Figure 2). The TA system consists of two co-expressed genes:
one gene encodes a relatively stable toxin protein while the other encodes
an unstable antitoxin. Bacteria can inhibit their own growth through these
toxins. Most of the toxins are enzymes that interfere with translation or

Figure 2. The formation mechanism of VBNC bacteria. It mainly involves three pathways,
including the stringent response, the general stress response system and the TA system. In the
stringent response, alarmone (p)ppGpp regulates the formation of VBNC bacteria, and (p)ppGpp
is regulated by RelA. The toxins MazF, RelE, HigB, HipB, VapC, ParE2 in type II TA systems can
all induce VBNC bacteria. TA systems are regulated by the stringent response, because poly-
phosphokinase (PPK) and phosphohydrolase (GPPA) have (p)ppGpp phosphohydrolase activity,
which can further produce ppGpp and lead to the accumulation of PolyP, thereby activating
Lon protease/ClpP protease and degrading antitoxins, promoting bacteria to enter VBNC state.
In addition, the general stress response system RNA polymerase rS (RpoS) and LysR transcrip-
tion regulator (OxyR) are important for the formation of VBNC bacteria. Similarly, RpoS is regu-
lated by the stringent response and ClpX protease. Moreover, the toxin transcription activator
(ToxR) on the inner membrane is involved in the induction of the VBNC state, and its function
may be to respond to environmental signals.
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DNA replication, while the antitoxins are RNA or proteins (Harms et al.,
2018). TA systems are regulated by the stringent response signaling path-
way. The activity of these TA systems is mainly regulated by (p)ppGpp,
which acts through Lon protease, inorganic phosphate and other stress-
induced signal transduction pathways (Svenningsen et al., 2019).
High levels of (p)ppGpp further stimulate Lon protease and lead to the

degradation of antitoxins (Figure 2). The toxins then become free and
active, blocking the main cell activities. Manish et al. reported the role of
the parDE2 TA system in Mycobacterium tuberculosis during the formation
process of VBNC bacteria (Gupta et al., 2016). Based on conservative char-
acteristics, a general analysis by Eitan et al. showed that TA systems may
control the level of persistence through a redundant mechanism, and fur-
ther demonstrated that the hipBA system triggers the onset and controls
the duration of transient growth arrest, which indirectly enhances its role
in the induction of VBNC bacteria (Rotem et al., 2010). The role of the
toxins RelE and MazF from the common type II TA system have been
known to induce VBNC bacteria as early as 2002. Specifically, RelE severely
inhibits translation, while MazF inhibits both translation and replication
(Pedersen et al., 2002). The ectopic expression of HigB, encoded by higB in
the superintegron of V. cholerae, in E. coli inhibits its growth and induces
the VBNC state (Christensen-Dalsgaard & Gerdes, 2006). The overexpres-
sion of the VapC toxin in M. smegmatis leads to the development of mor-
phologically different oval VBNC bacteria, while overexpression of the
VapB antitoxin prevents this from happening (Demidenok et al., 2014).
The TA system is regulated and controlled by two paralogs: relA and

spoT. Global transcription analysis showed that relA in VBNC bacteria was
significantly up-regulated, while spoT did not significantly change, indicating
that spoT may not be involved in the induction of the VBNC state (Figure
2) (Zhang et al., 2020). Polyphosphokinase (PPK) is also found to be signifi-
cantly up-regulated in C. sakazakii. PPX and guanosine pentaphosphate
phosphohydrolase (GPPA) exhibit (p)ppGpp phosphohydrolase activity,
which can further produce ppGpp, leading to the accumulation of PolyP,
thereby activating Lon protease and degrading antitoxins, finally promoting
bacteria to enter the VBNC state (Zhang et al., 2020). There is also evidence
that the ClpX protease is also involved in the formation of the VBNC state.
Mutations in the clpX gene decrease the formation of the ClpXP complex,
causing a reduction in the degradation of RpoS, and ultimately delaying
entry into the VBNC state (Ayrapetyan et al., 2015). Additionally, the toxin
transcription activator (ToxR) is also reportedly involved in the induction of
VBNC bacteria (Almagro-Moreno et al., 2015). Furthermore, ToxR is located
on the cell membrane and may respond to environmental signals, while the
degradation of ToxR will lead to the VBNC state.
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This article reviews the formation mechanisms of VBNC bacteria, which
mainly involves the stringent response, the general stress response system
and the TA system. After bacteria enter the VBNC state, their resistance to
antibiotics is improved, and even to obtain resistance. However, it is regret-
table that there are few if any, related studies linking the formation mecha-
nisms of VBNC bacteria and their resistance to antibiotics in order to
explain the mechanism of acquired antibiotic resistance. In addition, know-
ledge of these formation mechanisms currently does not contribute much
to the improvement and development of disinfection technologies; hence,
more detailed mechanisms may still need to be explored. Finally, these
mechanisms are still a focus of future research of VBNC bacteria, and it is
necessary to explain the connection between them and the acquisition of
antibiotic resistance.

5. ARG transfer during light-based disinfection of VBNC bacteria

Although it has observed that various environmental stimuli and disinfec-
tion technologies may induce the formation of VBNC bacteria, efforts are
usually only focused on how to develop new technologies to eliminate this
recalcitrant subpopulation. However, few studies have investigated ways to
prevent the further spread of ARGs in the environment after the bacteria
enter the VBNC state, or during the processes. In deep dormancy these
bacteria have a damaged virulence system, but their evolved or self-con-
tained ARGs can still transfer horizontally to other bacteria within the sys-
tem, which will induce the emergence of new ARB and even MDRB. It
should be noted that due to the inhibition of reproduction, theoretically
VGT cannot occur. Furthermore, although there are a large number of
VBNC bacteria in the environment, HGT between them may promote the
natural emergence of new ARB in the environment. Therefore, it is very
important to clarify the HGT process and the formation mechanisms of
VBNC bacteria.
Although it is clearly recognized that VBNC bacteria may endanger sew-

age or tap water treatment, the possible influence of induction and forma-
tion of VBNC bacteria via light-based disinfection on the spread of ARGs
seem to have received little attention to date. Arana et al. found that
VBNC bacteria maintain their resistance to antibacterial agents encoded in
plasmid genes, and that the ability to transfer plasmids decreases before the
cultivability of the donor strain decreases (Arana, Justo, et al., 1997).
Another study also reported that VBNC recipient cells can receive and
express plasmids through conjugation, forming VBNC transconjugant cells
(Arana, Pocino, et al., 1997). The above evidence fully demonstrates that
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after the bacteria are induced to enter the VBNC state, the conjugation of
donor cells is hindered, while the recipient cells can still proceed.
It should be noted that until now, there are very few or no relevant stud-

ies focusing on whether light-based disinfection-induced VBNC bacteria
promote or inhibit the HGT process. Although there is no direct evidence,
some studies seem to provide indirect answers. Our previous work explor-
ing the effects of different light on conjugate transfer showed that UVC
can greatly promote the frequency of conjugate transfer, followed by simu-
lated sunlight (Chen et al., 2019). Similarly, a study by McGrath et al.
reported that UVC increased the transfer frequency of the original IncJ-like
conjugated transposon (McGrath et al., 2005). The above evidence shows
that the induction of VBNC bacteria by UV was observed; thus, we can
speculate that other light-based disinfection may be also able to induce the
formation of VBNC bacteria and the simultaneous occurrence of HGT
(Figure 3a). UV disinfection procedures used in WWTPs are likely to cause
bacteria to enter the VBNC state, and these bacteria have also been found
to be undergoing the HGT process (Lin et al., 2016). This is concerning
because, as noted, UV disinfection technologies may promote the HGT
process, which indicates that the ARG transfer process of VBNC bacteria is
likely to be accelerated if the technologies do not mostly to completely
inactivate various the bacteria (Figure 3b).
Light-based disinfection may also promote the release of ARGs and anti-

biotic resistant plasmids into the aquatic environment by killing ARB,

Figure 3. The transfer mechanism of ARGs during and after the formation of VBNC bacteria
induced by light-based disinfection. (a) Light-based disinfection could accelerate the conjuga-
tion of ARGs during the process of inducing bacteria into the VBNC state. (b) After entering the
VBNC state, the conjugation of the donor bacteria may be inhibited, while the recipient bacteria
can still carry out the conjugation. (c) The ARGs and antibiotic resistant plasmids released by
light-based disinfection of ARB are absorbed by VBNC bacteria through transformation. (d)
Phage-mediated transduction transfers the ARGs of VBNC bacteria to other bacteria, leading to
new ARB and even MDRB.
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thereby affecting the transformation process. After wastewater containing
these ARGs and antibiotic resistant plasmids is discharged into nearby
water systems, these nucleic acids are likely to be absorbed by VBNC bac-
teria in the local environment through the transformation process (Figure
3c), which will cause an higher level of local MDRB and ARGs (Czekalski
et al., 2012). When compared to ARB inactivation (10-20mJ cm�2 for
4.0–5.0 log reduction), damaging to ARGs requires a larger UV dose
(200–400mJ cm�2 for 3.0–4.0 log reduction), which is expensive for water
companies (McKinney & Pruden, 2012). Therefore, the potential transfer
risk of ARGs should be considered when light-based disinfection technolo-
gies cannot completely inactivate them. In contrast, due to DNA repair,
damaged ARGs do not necessarily lose their function. One study showed
that after UV treatment of extracellular ARGs, they could still be trans-
formed into the host cells and be repaired (Chang et al., 2017). It can be
seen that although light-based disinfection may eliminate ARB in water,
the released ARGs may still be absorbed by VBNC bacteria through HGT
via transformation. At present, there are few, or no, related studies focusing
on the transduction process of ARGs during formation of VBNC bacteria.
However, through the description in the “quantitative detection method”
above, it can see that some studies have used phages to quantitatively
detect VBNC bacteria (Botsaris et al., 2016; Richter et al., 2018), which
shows that bacteria can still be infected by phages and undergo gene trans-
fer after entering the VBNC state (Figure 3d).
In summary, this review provides a series of indirect evidence to clarify

that bacteria may still exhibit HGT behavior during and after the formation
of the VBNC state induced by light-based disinfection technologies, but
more direct evidence is still required through future experiments. The
above studies basically demonstrate ARG transfer of VBNC bacteria
through indirect methods, but they did not directly use VBNC-state bac-
teria for experimentation. Furthermore, there are obvious morphological
and physiological differences between VBNC bacteria and normal wild-type
bacteria. Therefore, using VBNC-state bacteria to explore the transfer of
ARGs is a very promising future research strategy.

6. Future challenges

Overall, ARG spread via HGT during and after the formation of VBNC
bacteria induced by light-based disinfection may risk. However, there are
still many scientific issues and challenges in elucidating VBNC bacteria and
their ARG transfer abilities, although tremendous efforts have been made
in the early stage.
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First, it is clear that the current quantitative detection methods of VBNC
bacteria are diverse, especially those based on cell membrane, qPCR and
phage-mediated processes. If the disinfection time is too short during the
sewage disinfection process, the microorganisms in the treated water will not
be completely inactivated; however, if the time is too long, it will cause eco-
nomic losses. Therefore, it is important to research and develop in-situ and
real-time VBNC bacteria detection technologies, which is a promising strategy
for the wastewater treatment industry. Specifically, a novel operating principle
could be based on the traditional heterotrophic plate count method that
detects cultivable bacteria, and then uses advanced real-time and in-situ living
cell detection methods to monitor the inactivation efficiency of bacteria.
Second, research into the formation mechanism of VBNC bacteria has

made some progress, but the mechanisms discovered so far are not suitable
for optimizing and improving the existing disinfection technology. There is
still little related research linking formation mechanisms with antibiotic
resistance. Therefore, mechanism interpretation is still the focus of VBNC
bacteria research. On one hand, it is necessary to provide significant guid-
ance for the research and development of disinfection technologies, so that
the improved disinfection procedure can completely mineralize or inacti-
vate bacteria instead of inducing the VBNC state. On the other hand, it is
necessary to explain the correlation between entry into the VBNC state and
the acquisition of antibiotic resistance.
Third, although this review has provided some indirect evidence that bac-

teria retain HGT function after or during the process of entering the VBNC
state, there has been little or no research reporting on the possibility of ARG
transfer directly using bacteria that enter the VBNC state. The use of indirect
methods to demonstrate ARG transfer by VBNC bacteria may be question-
able because of differences in the morphological and physiological characteris-
tics between VBNC bacteria and will-type cells. Hence, disinfection
technologies should pay attention to the transfer risk of ARGs by VBNC bac-
teria, and bacteria in the VBNC state should be used for related experiments.
Finally, although some VBNC bacteria still pose health threats, based on

their large number and rich diversity in various environmental matrixes,
they are still a potential benefit for future microbial utilization and have
huge an unknown value. Therefore, the universal recovery method of VBNC
bacteria in environment will enable their value to be exploited, which is cru-
cial to the development of the microbial utilization domain in the future.

7. Conclusions

The disinfection process of water and food is designed to reduce the risk of
infection by pathogenic microorganisms. The light-based disinfection
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process has undergone tremendous development and innovation, but the
evidence provided in this review shows that it still induces bacteria to enter
the VBNC state. This makes it impossible for this technology to inactivate
all bacteria in the target water systems. This review first focused on changes
in the morphological, physiological and virulence characteristics of bacteria
entering the VBNC state, demonstrating that the cell wall, cell membrane
and cytoplasm exhibit the morphological main changes. After entering the
VBNC state, the bacteria undergo protein aggregation; the mass transfer
efficiency and metabolic activity are reduced; the amount of ATP and
cAMP is increased; and the virulence is reduced, but not necessarily com-
pletely lost. The emerging and basic detection methods of VBNC bacteria
mainly, such as cell membrane integrity-mediated LIVE/DEAD Baclight
assay, qPCR-mediated assays, and phage-based detection methods, were
reviewed detailed. Due to the risk of resuscitation and sustained virulence,
VBNC bacteria still pose a threat to human health. However, due to the
existence of a large number of VBNC bacteria in the environment and their
potential value in bioremediation or other domains, their environmental
applicability was also considered. Finally, much attention was paid to
induction conditions (especially the induction of bacteria in the VBNC
state by light-based disinfection) and the formation mechanisms of VBNC
bacteria. The information therein shows that physical, chemical and bio-
logical conditions, such as low temperature, antibiotics, and co-cultivation
with other bacteria, may induce the VBNC state. In addition, various light-
based disinfection technologies that induce the formation of VBNC bacteria
were reviewed. The formation mechanisms of VBNC bacteria mainly
involve the stringent response, the general stress response system and the
TA system. All three regulatory systems can induce the formation of
VBNC bacteria, but the general stress response system and TA system are
regulated by stringent response. In addition, much attention was paid to
HGT of ARGs during and after the formation of VBNC bacteria induced
by light-based disinfection. After entering the VBNC state, conjugation of
the donor bacteria may be inhibited, while the recipient bacteria can still
carry out conjugative transfer, suggesting that light-based disinfection may
be able to induce bacteria to enter the VBNC state while simultaneously
accelerating the conjugation of ARGs.
In a word, there is still an urgent need for a more in-depth understand-

ing of wastewater disinfection technologies (especially light-based methods)
as they can induce VBNC bacteria. Furthermore, potential ARG transfer by
VBNC bacteria requires further study. Although these issues still pose chal-
lenges, it is expected that significant progress will be made in the detection,
formation mechanisms, ARG transfer and environmental utilization of
VBNC bacteria in the future.

26 Y. CAI ET AL.



Disclosure statement

There are no conflicts to declare.

Funding

This work was supported by the National Natural Science Foundation of China (U1901210
and 42077333), Guangdong Provincial Key R&D Program (2020B1111350002) and Local
Innovative and Research Teams Project of Guangdong Pearl River Talents Program
(2017BT01Z032).

ORCID

Guiying Li http://orcid.org/0000-0002-6777-4786
Taicheng An http://orcid.org/0000-0001-6918-8070

References

Alleron, L., Khemiri, A., Koubar, M., Lacombe, C., Coquet, L., Cosette, P., Jouenne, T., &
Frere, J. (2013). VBNC Legionella pneumophila cells are still able to produce virulence
proteins. Water Research, 47(17), 6606–6617. https://doi.org/10.1016/j.watres.2013.08.032

Almagro-Moreno, S., Kim, T. K., Skorupski, K., & Taylor, R. K. (2015). Proteolysis of viru-
lence regulator ToxR is associated with entry of Vibrio cholerae into a dormant state.
PLoS Genetics, 11(4), e1005145. https://doi.org/10.1371/journal.pgen.1005145

Alvear-Daza, J. J., Garcia-Barco, A., Osorio-Vargas, P., Gutierrez-Zapata, H. M., Sanabria,
J., & Rengifo-Herrera, J. A. (2021). Resistance and induction of viable but non culturable
states (VBNC) during inactivation of E. coli and Klebsiella pneumoniae by addition of
H2O2 to natural well water under simulated solar irradiation. Water Research, 188,
116499. https://doi.org/10.1016/j.watres.2020.116499

Anany, H., Brovko, L., El Dougdoug, N. K., Sohar, J., Fenn, H., Alasiri, N., Jabrane, T.,
Mangin, P., Monsur Ali, M., Kannan, B., Filipe, C. D. M., & Griffiths, M. W. (2018).
Print to detect: A rapid and ultrasensitive phage-based dipstick assay for foodborne
pathogens. Analytical and Bioanalytical Chemistry, 410(4), 1217–1230. https://doi.org/10.
1007/s00216-017-0597-y

Arana, I., Justo, J. I., Muela, A., Pocino, M., Iriberri, J., & Barcina, I. (1997). Influence of a
survival process in a freshwater system upon plasmid transfer between Escherichia coli
strains. Microbial Ecology, 33(1), 41–49. https://doi.org/10.1007/s002489900006

Arana, I., Pocino, M., Muela, A., Fernandez-Astorga, A., & Barcina, I. (1997). Detection
and enumeration of viable but non-culturable transconjugants of Escherichia coli during
the survival of recipient cells in river water. Journal of Applied Microbiology, 83(3),
340–346. https://doi.org/10.1046/j.1365-2672.1997.00244.x

Ayrapetyan, M., Williams, T. C., & Oliver, J. D. (2015). Bridging the gap between viable
but non-culturable and antibiotic persistent bacteria. Trends in Microbiology, 23(1), 7–13.
https://doi.org/10.1016/j.tim.2014.09.004

Band, V. I., Hufnagel, D. A., Jaggavarapu, S., Sherman, E. X., Wozniak, J. E., Satola, S. W.,
Farley, M. M., Jacob, J. T., Burd, E. M., & Weiss, D. S. (2019). Antibiotic combinations
that exploit heteroresistance to multiple drugs effectively control infection. Nature
Microbiology, 4(10), 1627–1635. https://doi.org/10.1038/s41564-019-0480-z

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 27

https://doi.org/10.1016/j.watres.2013.08.032
https://doi.org/10.1371/journal.pgen.1005145
https://doi.org/10.1016/j.watres.2020.116499
https://doi.org/10.1007/s00216-017-0597-y
https://doi.org/10.1007/s00216-017-0597-y
https://doi.org/10.1007/s002489900006
https://doi.org/10.1046/j.1365-2672.1997.00244.x
https://doi.org/10.1016/j.tim.2014.09.004
https://doi.org/10.1038/s41564-019-0480-z


Bao, Y., Li, F., Chen, L., Mu, Q., Huang, B., & Wen, D. (2021). Fate of antibiotics in engi-
neered wastewater systems and receiving water environment: A case study on the coast
of Hangzhou Bay, China. Science of the Total Environment, 769, 144642. https://doi.org/
10.1016/j.scitotenv.2020.144642

Baro, A., Badosa, E., Montesinos, L., Feliu, L., Planas, M., Montesinos, E., & Bonaterra, A.
(2020). Screening and identification of BP100 peptide conjugates active against Xylella
fastidiosa using a viability-qPCR method. BMC Microbiology, 20(1), 229. https://doi.org/
10.1186/s12866-020-01915-3

Ben Said, M., Otaki, M., & Hassen, A. (2012). Use of lytic phage to control Salmonella
typhi’s viability after irradiation by pulsed UV light. Annals of Microbiology, 62(1),
107–111. https://doi.org/10.1007/s13213-011-0234-5

Besnard, V., Federighi, M., Declerq, E., Jugiau, F., & Cappelier, J. M. (2002).
Environmental and physico-chemical factors induce VBNC state in Listeria monocyto-
genes. Veterinary Research, 33(4), 359–370. https://doi.org/10.1051/vetres:2002022

Boaretti, M., Lleo, M. M., Bonato, B., Signoretto, C., & Canepari, P. (2003). Involvement of
rpoS in the survival of Escherichia coli in the viable but non-culturable state.
Environmental Microbiology, 5(10), 986–996. https://doi.org/10.1046/j.1462-2920.2003.
00497.x

Bodor, A., Bounedjoum, N., Vincze, G. E., Erdein�e Kis, �A., Laczi, K., Bende, G., Szil�agyi,
�A., Kov�acs, T., Perei, K., & R�akhely, G. (2020). Challenges of unculturable bacteria:
Environmental perspectives. Reviews in Environmental Science and Bio/Technology, 19(1),
1–22. https://doi.org/10.1007/s11157-020-09522-4

Boehnke, K. F., Eaton, K. A., Fontaine, C., Brewster, R., Wu, J., Eisenberg, J. N. S.,
Valdivieso, M., Baker, L. H., & Xi, C. (2017). Reduced infectivity of waterborne viable
but nonculturable Helicobacter pylori strain SS1 in mice. Helicobacter. Helicobacter,
22(4), e12391. https://doi.org/10.1111/hel.12391

Botelho, J., & Schulenburg, H. (2021). The role of integrative and conjugative elements in
antibiotic resistance evolution. Trends in Microbiology, 29(1), 8–18. https://doi.org/10.
1016/j.tim.2020.05.011

Botsaris, G., Swift, B. M., Slana, I., Liapi, M., Christodoulou, M., Hatzitofi, M.,
Christodoulou, V., & Rees, C. E. (2016). Detection of viable Mycobacterium avium sub-
species paratuberculosis in powdered infant formula by phage-PCR and confirmed by
culture. International Journal of Food Microbiology, 216, 91–94. https://doi.org/10.1016/j.
ijfoodmicro.2015.09.011

Bowley, J., Baker-Austin, C., Porter, A., Hartnell, R., & Lewis, C. (2021). Oceanic
Hitchhikers - Assessing pathogen risks from marine microplastic. Trends in
Microbiology, 29(2), 107–116. https://doi.org/10.1016/j.tim.2020.06.011

Buck, A., & Oliver, J. D. (2010). Survival of spinach-associated Helicobacter pylori in the
viable but nonculturable state. Food Control, 21(8), 1150–1154. https://doi.org/10.1016/j.
foodcont.2010.01.010

Buse, H. Y., Donohue, M. J., & Ashbolt, N. J. (2013). Hartmannella vermiformis inhibition
of Legionella pneumophila cultivability. Microbial Ecology, 66(3), 715–726. https://doi.org/
10.1007/s00248-013-0250-z

Caillet, S., Shareck, F., & Lacroix, M. (2005). Effect of gamma radiation and oregano essen-
tial oil on murein and ATP concentration of Escherichia coli O157:H7. Journal of Food
Protection, 68(12), 2571–2579. https://doi.org/10.4315/0362-028X-68.12.2571

Carre, G., Benhamida, D., Peluso, J., Muller, C. D., Lett, M. C., Gies, J. P., Keller, V.,
Keller, N., & Andre, P. (2013). On the use of capillary cytometry for assessing the bac-
tericidal effect of TiO2. Identification and involvement of reactive oxygen species.

28 Y. CAI ET AL.

https://doi.org/10.1016/j.scitotenv.2020.144642
https://doi.org/10.1016/j.scitotenv.2020.144642
https://doi.org/10.1186/s12866-020-01915-3
https://doi.org/10.1186/s12866-020-01915-3
https://doi.org/10.1007/s13213-011-0234-5
https://doi.org/10.1051/vetres:2002022
https://doi.org/10.1046/j.1462-2920.2003.00497.x
https://doi.org/10.1046/j.1462-2920.2003.00497.x
https://doi.org/10.1007/s11157-020-09522-4
https://doi.org/10.1111/hel.12391
https://doi.org/10.1016/j.tim.2020.05.011
https://doi.org/10.1016/j.tim.2020.05.011
https://doi.org/10.1016/j.ijfoodmicro.2015.09.011
https://doi.org/10.1016/j.ijfoodmicro.2015.09.011
https://doi.org/10.1016/j.tim.2020.06.011
https://doi.org/10.1016/j.foodcont.2010.01.010
https://doi.org/10.1016/j.foodcont.2010.01.010
https://doi.org/10.1007/s00248-013-0250-z
https://doi.org/10.1007/s00248-013-0250-z
https://doi.org/10.4315/0362-028X-68.12.2571


Photochemistry & Photobiological Sciences, 12(4), 610–620. Photobiological Sciences,
https://doi.org/10.1039/C2PP25189B

Chaisowwong, W., Kusumoto, A., Hashimoto, M., Harada, T., Maklon, K., & Kawamoto,
K. (2012). Physiological characterization of Campylobacter jejuni under cold stresses con-
ditions: Its potential for public threat. Journal of Veterinary Medical Science, 74(1),
43–50. https://doi.org/10.1292/jvms.11-0305

Chang, P. H., Juhrend, B., Olson, T. M., Marrs, C. F., & Wigginton, K. R. (2017).
Degradation of extracellular antibiotic resistance genes with UV254 treatment.
Environmental Science & Technology, 51(11), 6185–6192. https://doi.org/10.1021/acs.est.
7b01120

Chatzisymeon, E., Droumpali, A., Mantzavinos, D., & Venieri, D. (2011). Disinfection of
water and wastewater by UV-A and UV-C irradiation: Application of real-time PCR
method. Photochemical and Photobiological Sciences, 10(3), 389–395. https://doi.org/10.
1039/C0PP00161A

Chen, X., Yin, H., Li, G., Wang, W., Wong, P. K., Zhao, H., & An, T. (2019). Antibiotic-
resistance gene transfer in antibiotic-resistance bacteria under different light irradiation:
Implications from oxidative stress and gene expression. Water Research, 149, 282–291.
https://doi.org/10.1016/j.watres.2018.11.019

Cheng, W., Wang, M., Chen, M., Niu, W., Li, Y., Wang, Y., Luo, M., Xie, C., Leng, T., &
Lei, B. (2021). Injectable antibacterial antiinflammatory molecular hybrid hydrogel dress-
ing for rapid MDRB-infected wound repair and therapy. Chemical Engineering Journal,
409, 128140. https://doi.org/10.1016/j.cej.2020.128140

Christensen-Dalsgaard, M., & Gerdes, K. (2006). Two higBA loci in the Vibrio cholerae
superintegron encode mRNA cleaving enzymes and can stabilize plasmids. Molecular
Microbiology, 62(2), 397–411. https://doi.org/10.1111/j.1365-2958.2006.05385.x

Czekalski, N., Berthold, T., Caucci, S., Egli, A., & Burgmann, H. (2012). Increased levels of
multiresistant bacteria and resistance genes after wastewater treatment and their dissem-
ination into Lake Geneva, Switzerland. Frontiers in Microbiology, 3, 106. https://doi.org/
10.3389/fmicb.2012.00106

Darcan, C., & Aydin, E. (2012). fur (-) mutation increases the survival time of Escherichia
coli under photooxidative stress in aquatic environments. Acta Biologica Hungarica,
63(3), 399–409. https://doi.org/10.1556/ABiol.63.2012.3.10

Davies, C. M., & Evison, L. M. (1991). Sunlight and the survival of enteric bacteria in nat-
ural waters. Journal of Applied Bacteriology, 70(3), 265–274. https://doi.org/10.1111/j.
1365-2672.1991.tb02935.x

Day, A. P., & Oliver, J. D. (2004). Changes in membrane fatty acid composition during
entry of Vibrio vulnificus into the viable but nonculturable state. Journal of Microbiology,
42(2), 69–73. https://doi.org/10.1016/j.optcom.2006.05.068

de Medeiros Barbosa, I., da Cruz Almeida, �E. T., Gomes, A. C. A., & de Souza, E. L.
(2020). Evidence on the induction of viable but non-culturable state in Listeria monocy-
togenes by Origanum vulgare L. and Rosmarinus officinalis L. essential oils in a meat-
based broth. Innovative Food Science & Emerging Technologies, 62, 102351. https://doi.
org/10.1016/j.ifset.2020.102351

Demidenok, O. I., Kaprelyants, A. S., & Goncharenko, A. V. (2014). Toxin-antitoxin vapBC
locus participates in formation of the dormant state in Mycobacterium smegmatis. FEMS
Microbiology Letters, 352(1), 69–77. https://doi.org/10.1111/1574-6968.12380

Dey, R., Rieger, A., Banting, G., & Ashbolt, N. J. (2020). Role of amoebae for survival and
recovery of ’non-culturable’ Helicobacter pylori cells in aquatic environments. FEMS
Microbiology Ecology, 96(10), fiaa182. https://doi.org/10.1093/femsec/fiaa182

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 29

https://doi.org/10.1039/C2PP25189B
https://doi.org/10.1292/jvms.11-0305
https://doi.org/10.1021/acs.est.7b01120
https://doi.org/10.1021/acs.est.7b01120
https://doi.org/10.1039/C0PP00161A
https://doi.org/10.1039/C0PP00161A
https://doi.org/10.1016/j.watres.2018.11.019
https://doi.org/10.1016/j.cej.2020.128140
https://doi.org/10.1111/j.1365-2958.2006.05385.x
https://doi.org/10.3389/fmicb.2012.00106
https://doi.org/10.3389/fmicb.2012.00106
https://doi.org/10.1556/ABiol.63.2012.3.10
https://doi.org/10.1111/j.1365-2672.1991.tb02935.x
https://doi.org/10.1111/j.1365-2672.1991.tb02935.x
https://doi.org/10.1016/j.optcom.2006.05.068
https://doi.org/10.1016/j.ifset.2020.102351
https://doi.org/10.1016/j.ifset.2020.102351
https://doi.org/10.1111/1574-6968.12380
https://doi.org/10.1093/femsec/fiaa182


Dietersdorfer, E., Kirschner, A., Schrammel, B., Ohradanova-Repic, A., Stockinger, H.,
Sommer, R., Walochnik, J., & Cervero, A. S. (2018). Starved viable but non-culturable
(VBNC) Legionella strains can infect and replicate in amoebae and human macrophages.
Water Research, 141, 428–438. https://doi.org/10.1016/j.watres.2018.01.058

Ding, T., Suo, Y., Xiang, Q., Zhao, X., Chen, S., Ye, X., & Liu, D. (2017). Significance of
viable but nonculturable Escherichia coli: Induction, detection, and control. Journal of
Microbiology and Biotechnology, 27(3), 417–428. https://doi.org/10.4014/jmb.1609.09063

Dong, K., Pan, H., Yang, D., Rao, L., Zhao, L., Wang, Y., & Liao, X. (2020). Induction,
detection, formation, and resuscitation of viable but non-culturable state microorgan-
isms. Comprehensive Reviews in Food Science and Food Safety, 19(1), 149–183. https://
doi.org/10.1111/1541-4337.12513

Emerson, J. B., Adams, R. I., Roman, C. M. B., Brooks, B., Coil, D. A., Dahlhausen, K.,
Ganz, H. H., Hartmann, E. M., Hsu, T., Justice, N. B., Paulino-Lima, I. G., Luongo, J. C.,
Lymperopoulou, D. S., Gomez-Silvan, C., Rothschild-Mancinelli, B., Balk, M.,
Huttenhower, C., Nocker, A., Vaishampayan, P., & Rothschild, L. J. (2017).
Schrodinger’s microbes: Tools for distinguishing the living from the dead in microbial
ecosystems. Microbiome, 5(1), 86. https://doi.org/10.1186/s40168-017-0285-3

EPA. (2011). Water treatment manual: Disinfection.
Ferrario, M., Guerrero, S., & Alzamora, S. M. (2014). Study of pulsed light-induced damage

on Saccharomyces cerevisiae in apple juice by flow cytometry and transmission electron
microscopy. Food and Bioprocess Technology, 7(4), 1001–1011. https://doi.org/10.1007/
s11947-013-1121-9

Fiksdal, L., & Tryland, I. (1999). Effect of u.v. light irradiation, starvation and heat on
Escherichia coli beta-D-galactosidase activity and other potential viability parameters.
Journal of Applied Microbiology, 87(1), 62–71. https://doi.org/10.1046/j.1365-2672.1999.
00796.x

Foddai, A. C. G., & Grant, I. R. (2020). Methods for detection of viable foodborne patho-
gens: Current state-of-art and future prospects. Applied Microbiology and Biotechnology,
104(10), 4281–4288. https://doi.org/10.1007/s00253-020-10542-x

Fouche, J., Christiansen, C. T., Lafreniere, M. J., Grogan, P., & Lamoureux, S. F. (2020).
Canadian permafrost stores large pools of ammonium and optically distinct dissolved
organic matter. Nature Communications, 11(1), 4500. https://doi.org/10.1038/s41467-020-
18331-w

Fu, Y., Jia, Y., Fan, J., Yu, C., Yu, C., & Shen, C. (2020). Induction of Escherichia coli
O157:H7 into a viable but non-culturable state by high temperature and its resuscitation.
Environmental Microbiology Reports, 12(5), 568–577. https://doi.org/10.1111/1758-2229.
12877

Gerrard, Z. E., Swift, B. M. C., Botsaris, G., Davidson, R. S., Hutchings, M. R., Huxley,
J. N., & Rees, C. E. D. (2018). Survival of Mycobacterium avium subspecies paratubercu-
losis in retail pasteurised milk. Food Microbiology, 74, 57–63. https://doi.org/10.1016/j.fm.
2018.03.004

Gillings, M. R. (2017). Lateral gene transfer, bacterial genome evolution, and the
Anthropocene. Annals of the New York Academy of Sciences, 1389(1), 20–36. https://doi.
org/10.1111/nyas.13213

Gin, K. Y., & Goh, S. G. (2013). Modeling the effect of light and salinity on viable but
non-culturable (VBNC) Enterococcus. Water Research, 47(10), 3315–3328. https://doi.
org/10.1016/j.watres.2013.03.021

30 Y. CAI ET AL.

https://doi.org/10.1016/j.watres.2018.01.058
https://doi.org/10.4014/jmb.1609.09063
https://doi.org/10.1111/1541-4337.12513
https://doi.org/10.1111/1541-4337.12513
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1007/s11947-013-1121-9
https://doi.org/10.1007/s11947-013-1121-9
https://doi.org/10.1046/j.1365-2672.1999.00796.x
https://doi.org/10.1046/j.1365-2672.1999.00796.x
https://doi.org/10.1007/s00253-020-10542-x
https://doi.org/10.1038/s41467-020-18331-w
https://doi.org/10.1038/s41467-020-18331-w
https://doi.org/10.1111/1758-2229.12877
https://doi.org/10.1111/1758-2229.12877
https://doi.org/10.1016/j.fm.2018.03.004
https://doi.org/10.1016/j.fm.2018.03.004
https://doi.org/10.1111/nyas.13213
https://doi.org/10.1111/nyas.13213
https://doi.org/10.1016/j.watres.2013.03.021
https://doi.org/10.1016/j.watres.2013.03.021


Goncalves, F. D., & de Carvalho, C. C. (2016). Phenotypic modifications in Staphylococcus
aureus cells exposed to high concentrations of vancomycin and teicoplanin. Frontiers in
Microbiology, 7, 13. https://doi.org/10.3389/fmicb.2016.00013

Gourmelon, M., Cillard, J., & Pommepuy, M. (1994). Visible light damage to Escherichia
coli in seawater: Oxidative stress hypothesis. Journal of Applied Bacteriology, 77(1),
105–112. https://doi.org/10.1111/j.1365-2672.1994.tb03051.x

Grossi, M., Dey, R., & Ashbolt, N. (2018). Searching for activity markers that approximate
(VBNC) Legionella pneumophila infectivity in amoeba after ultraviolet (UV) irradiation.
Water, 10(9), 1219. https://doi.org/10.3390/w10091219

Gu, G., Bolten, S., Mowery, J., Luo, Y., Gulbronson, C., & Nou, X. (2020). Susceptibility of
foodborne pathogens to sanitizers in produce rinse water and potential induction of
viable but non-culturable state. Food Control, 112, 107138. https://doi.org/10.1016/j.food-
cont.2020.107138

Guo, L., Ye, C., Cui, L., Wan, K., Chen, S., Zhang, S., & Yu, X. (2019). Population and sin-
gle cell metabolic activity of UV-induced VBNC bacteria determined by CTC-FCM and
D2O-labeled Raman spectroscopy. Environment International, 130, 104883. https://doi.
org/10.1016/j.envint.2019.05.077

Guo, M. T., & Kong, C. (2019). Antibiotic resistant bacteria survived from UV disinfection:
Safety concerns on genes dissemination. Chemosphere, 224, 827–832. https://doi.org/10.
1016/j.chemosphere.2019.03.004

Gupta, M., Nayyar, N., Chawla, M., Sitaraman, R., Bhatnagar, R., & Banerjee, N. (2016).
The chromosomal parDE2 toxin-antitoxin system of Mycobacterium tuberculosis H37Rv:
Genetic and functional characterization. Frontiers in Microbiology, 7, 886. https://doi.org/
10.3389/fmicb.2016.00886

Han, D., Hung, Y. C., & Wang, L. (2018). Evaluation of the antimicrobial efficacy of neu-
tral electrolyzed water on pork products and the formation of viable but nonculturable
(VBNC) pathogens. Food Microbiology, 73, 227–236. https://doi.org/10.1016/j.fm.2018.01.
023

Harms, A., Brodersen, D. E., Mitarai, N., & Gerdes, K. (2018). Toxins, targets, and triggers:
An overview of toxin-antitoxin biology. Molecular Cell, 70(5), 768–784. https://doi.org/
10.1016/j.molcel.2018.01.003

Highmore, C. J., Warner, J. C., Rothwell, S. D., Wilks, S. A., & Keevil, C. W. (2018).
Viable-but-nonculturable Listeria monocytogenes and Salmonella enterica serovar
Thompson induced by chlorine stress remain infectious. mBio, 9(2), e00540-18. https://
doi.org/10.1128/mBio.00540-18

Huemer, M., Shambat, S. M., Bergada-Pijuan, J., Soderholm, S., Boumasmoud, M., Vulin,
C., Gomez-Mejia, A., Varela, M. A., Tripathi, V., Gotschi, S., Maggio, E. M., Hasse, B.,
Brugger, S. D., Bumann, D., Schuepbach, R. A., & Zinkernagel, A. S. (2021). Molecular
reprogramming and phenotype switching in Staphylococcus aureus lead to high antibiotic
persistence and affect therapy success. Proceedings of the National Academy of Sciences,
118(7), e2014920118. https://doi.org/10.1073/pnas.2014920118

Idil, O., Darcan, C., & Ozkanca, R. (2011). The effect of UV-A and different wavelengths
of visible lights on survival of Salmonella typhimurium in seawater microcosms. Journal
of Pure and Applied Microbiology, 5(2), 581–592.

Idil, O., Ozkanca, R., Darcan, C., & Flint, K. P. (2010). Escherichia coli: Dominance of red
light over other visible light sources in establishing viable but nonculturable state.
Photochemistry and Photobiology, 86(1), 104–109. https://doi.org/10.1111/j.1751-1097.
2009.00636.x

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 31

https://doi.org/10.3389/fmicb.2016.00013
https://doi.org/10.1111/j.1365-2672.1994.tb03051.x
https://doi.org/10.3390/w10091219
https://doi.org/10.1016/j.foodcont.2020.107138
https://doi.org/10.1016/j.foodcont.2020.107138
https://doi.org/10.1016/j.envint.2019.05.077
https://doi.org/10.1016/j.envint.2019.05.077
https://doi.org/10.1016/j.chemosphere.2019.03.004
https://doi.org/10.1016/j.chemosphere.2019.03.004
https://doi.org/10.3389/fmicb.2016.00886
https://doi.org/10.3389/fmicb.2016.00886
https://doi.org/10.1016/j.fm.2018.01.023
https://doi.org/10.1016/j.fm.2018.01.023
https://doi.org/10.1016/j.molcel.2018.01.003
https://doi.org/10.1016/j.molcel.2018.01.003
https://doi.org/10.1128/mBio.00540-18
https://doi.org/10.1128/mBio.00540-18
https://doi.org/10.1073/pnas.2014920118
https://doi.org/10.1111/j.1751-1097.2009.00636.x
https://doi.org/10.1111/j.1751-1097.2009.00636.x


Jayakumar, J. M., Balasubramanian, D., Reddi, G., & Almagro-Moreno, S. (2020).
Synergistic role of abiotic factors driving viable but non-culturable Vibrio cholerae.
Environmental Microbiology Reports, 12(4), 454–465. https://doi.org/10.1111/1758-2229.
12861

Jia, J., Chen, Y., Jiang, Y., Tang, J., Yang, L., Liang, C., Jia, Z., & Zhao, L. (2014).
Visualized analysis of cellular fatty acid profiles of Vibrio parahaemolyticus strains under
cold stress. FEMS Microbiology Letters, 357(1), 92–98. https://doi.org/10.1111/1574-6968.
12498

Jia, Y., Yu, C., Fan, J., Fu, Y., Ye, Z., Guo, X., Xu, Y., & Shen, C. (2020). Alterations in the
cell wall of Rhodococcus biphenylivorans under norfloxacin stress. Frontiers in
Microbiology, 11, 554957. https://doi.org/10.3389/fmicb.2020.554957

Jiang, Q., Yin, H., Li, G., Liu, H., An, T., Wong, P. K., & Zhao, H. (2017). Elimination of
antibiotic-resistance bacterium and its associated/dissociative blaTEM-1 and aac(3)-II
antibiotic-resistance genes in aqueous system via photoelectrocatalytic process. Water
Research, 125, 219–226. https://doi.org/10.1016/j.watres.2017.08.050

Kacem, M., Bru-Adan, V., Goetz, V., Steyer, J. P., Plantard, G., Sacco, D., & Wery, N.
(2016). Inactivation of Escherichia coli by TiO2 -mediated photocatalysis evaluated by a
culture method and viability-qPCR. Journal of Photochemistry and Photobiology A:
Chemistry, 317, 81–87. https://doi.org/10.1016/j.jphotochem.2015.11.020

Kong, X., Ma, J., Wen, G., & Wei, Y. (2016). Considerable discrepancies among HPC,
ATP, and FCM detection methods in evaluating the disinfection efficiency of Gram-posi-
tive and -negative bacterium by ultraviolet radiation and chlorination. Desalination and
Water Treatment, 57(37), 17537–17546. https://doi.org/10.1080/19443994.2015.1086693

Kramer, B., & Muranyi, P. (2014). Effect of pulsed light on structural and physiological
properties of Listeria innocua and Escherichia coli. Journal of Applied Microbiology,
116(3), 596–611. https://doi.org/10.1111/jam.12394

Kvich, L., Fritz, B., Crone, S., Kragh, K. N., Kolpen, M., Sonderholm, M., Andersson, M.,
Koch, A., Jensen, P. O., & Bjarnsholt, T. (2019). Oxygen restriction generates difficult-
to-culture P. aeruginosa. Frontiers in Microbiology, 10, 1992. https://doi.org/10.3389/
fmicb.2019.01992

Lee, C. S., Asato, C., Wang, M., Mao, X., Gobler, C. J., & Venkatesan, A. K. (2021).
Removal of 1,4-dioxane during on-site wastewater treatment using nitrogen removing
biofilters. Science of the Total Environment, 771, 144806. https://doi.org/10.1016/j.scito-
tenv.2020.144806

Lerminiaux, N. A., & Cameron, A. D. S. (2019). Horizontal transfer of antibiotic resistance
genes in clinical environments. Canadian Journal of Microbiology, 65(1), 34–44. https://
doi.org/10.1139/cjm-2018-0275

Li, L., Mendis, N., Trigui, H., Oliver, J. D., & Faucher, S. P. (2014). The importance of the
viable but non-culturable state in human bacterial pathogens. Frontiers in Microbiology,
5, 258. https://doi.org/10.3389/fmicb.2014.00258

Liang, Z., Zhang, Y., He, T., Yu, Y., Liao, W., Li, G., & An, T. (2020). The formation mech-
anism of antibiotic-resistance genes associated with bacterial communities during bio-
logical decomposition of household garbage. Journal of Hazardous Materials, 398,
122973. https://doi.org/10.1016/j.jhazmat.2020.122973

Liao, H., Zhong, X., Xu, L., Ma, Q., Wang, Y., Cai, Y., & Guo, X. (2019). Quorum-sensing
systems trigger catalase expression to reverse the oxyR deletion-mediated VBNC state in
Salmonella typhimurium. Research in Microbiology, 170(2), 65–73. https://doi.org/10.
1016/j.resmic.2018.10.004

32 Y. CAI ET AL.

https://doi.org/10.1111/1758-2229.12861
https://doi.org/10.1111/1758-2229.12861
https://doi.org/10.1111/1574-6968.12498
https://doi.org/10.1111/1574-6968.12498
https://doi.org/10.3389/fmicb.2020.554957
https://doi.org/10.1016/j.watres.2017.08.050
https://doi.org/10.1016/j.jphotochem.2015.11.020
https://doi.org/10.1080/19443994.2015.1086693
https://doi.org/10.1111/jam.12394
https://doi.org/10.3389/fmicb.2019.01992
https://doi.org/10.3389/fmicb.2019.01992
https://doi.org/10.1016/j.scitotenv.2020.144806
https://doi.org/10.1016/j.scitotenv.2020.144806
https://doi.org/10.1139/cjm-2018-0275
https://doi.org/10.1139/cjm-2018-0275
https://doi.org/10.3389/fmicb.2014.00258
https://doi.org/10.1016/j.jhazmat.2020.122973
https://doi.org/10.1016/j.resmic.2018.10.004
https://doi.org/10.1016/j.resmic.2018.10.004


Lin, W., Li, S., Zhang, S., & Yu, X. (2016). Reduction in horizontal transfer of conjugative
plasmid by UV irradiation and low-level chlorination. Water Research, 91, 331–338.
https://doi.org/10.1016/j.watres.2016.01.020

Lindback, T., Rottenberg, M. E., Roche, S. M., & Rorvik, L. M. (2010). The ability to enter
into an avirulent viable but non-culturable (VBNC) form is widespread among Listeria
monocytogenes isolates from salmon, patients and environment. Veterinary Research,
41(1), 08. https://doi.org/10.1051/vetres/2009056

Liu, Y. D., Su, X. M., Lu, L., Ding, L. X., & Shen, C. F. (2016). A novel approach to
enhance biological nutrient removal using a culture supernatant from Micrococcus luteus
containing resuscitation-promoting factor (Rpf) in SBR process. Environmental Science
and Pollution Research, 23(5), 4498–4508. https://doi.org/10.1007/s11356-015-5603-3

Liu, Y.-Y., Wang, Y., Walsh, T. R., Yi, L.-X., Zhang, R., Spencer, J., Doi, Y., Tian, G.,
Dong, B., Huang, X., Yu, L.-F., Gu, D., Ren, H., Chen, X., Lv, L., He, D., Zhou, H.,
Liang, Z., Liu, J.-H., & Shen, J. (2016). Emergence of plasmid-mediated colistin resistance
mechanism MCR-1 in animals and human beings in China: A microbiological and
molecular biological study. The Lancet Infectious Diseases, 16(2), 161–168. https://doi.
org/10.1016/S1473-3099(15)00424-7

Lleo, M. M., Tafi, M. C., & Canepari, P. (1998). Nonculturable Enterococcus faecalis cells
are metabolically active and capable of resuming active growth. Systematic and Applied
Microbiology, 21(3), 333–339. https://doi.org/10.1016/S0723-2020(98)80041-6

Lothigius, A., Sjoling, A., Svennerholm, A. M., & Bolin, I. (2010). Survival and gene expres-
sion of enterotoxigenic Escherichia coli during long-term incubation in sea water and
freshwater. Journal of Applied Microbiology, 108(4), 1441–1449. https://doi.org/10.1111/j.
1365-2672.2009.04548.x

Lv, X., Wang, L., Zhang, J., Zeng, H., Chen, X., Shi, L., Cui, H., He, X., & Zhao, L. (2020).
Rapid and sensitive detection of VBNC Escherichia coli O157: H7 in beef by PMAxx and
real-time LAMP. Food Control, 115, 107292. https://doi.org/10.1016/j.foodcont.2020.
107292

Maalej, S., Gdoura, R., Dukan, S., Hammami, A., & Bouain, A. (2004). Maintenance of
pathogenicity during entry into and resuscitation from viable but nonculturable state in
Aeromonas hydrophila exposed to natural seawater at low temperature. Journal of
Applied Microbiology, 97(3), 557–565. https://doi.org/10.1111/j.1365-2672.2004.02336.x

Macori, G., McCarthy, S. C., Burgess, C. M., Fanning, S., & Duffy, G. (2020). Investigation
of the causes of shigatoxigenic Escherichia coli PCR positive and culture negative sam-
ples. Microorganisms, 8(4), 587. https://doi.org/10.3390/microorganisms8040587

Mangiaterra, G., Cedraro, N., Vaiasicca, S., Citterio, B., Galeazzi, R., Laudadio, E., Mobbili,
G., Minnelli, C., Bizzaro, D., & Biavasco, F. (2020). Role of tobramycin in the induction
and maintenance of viable but non-culturable Pseudomonas aeruginosa in an in vitro
biofilm model. Antibiotics, 9(7), 399. https://doi.org/10.3390/antibiotics9070399

Mariam, S. H., Zegeye, N., Aseffa, A., & Howe, R. (2017). Diffusible substances from lactic
acid bacterial cultures exert strong inhibitory effects on Listeria monocytogenes and
Salmonella enterica serovar enteritidis in a co-culture model. BMC Microbiology, 17(1),
35. https://doi.org/10.1186/s12866-017-0944-3

McGrath, B. M., O’Halloran, J. A., & Pembroke, J. T. (2005). Pre-exposure to UV irradi-
ation increases the transfer frequency of the IncJ conjugative transposon-like elements
R391, R392, R705, R706, R997 and pMERPH and is recAþ dependent. FEMS
Microbiology Letters, 243(2), 461–465. https://doi.org/10.1016/j.femsle.2005.01.013

McKenna, M. (2020). The antibiotic paradox: Why companies can’t afford to create life-
saving drugs. Nature, 584(7821), 338–341. https://doi.org/10.1038/d41586-020-02418-x

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 33

https://doi.org/10.1016/j.watres.2016.01.020
https://doi.org/10.1051/vetres/2009056
https://doi.org/10.1007/s11356-015-5603-3
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1016/S0723-2020(98)80041-6
https://doi.org/10.1111/j.1365-2672.2009.04548.x
https://doi.org/10.1111/j.1365-2672.2009.04548.x
https://doi.org/10.1016/j.foodcont.2020.107292
https://doi.org/10.1016/j.foodcont.2020.107292
https://doi.org/10.1111/j.1365-2672.2004.02336.x
https://doi.org/10.3390/microorganisms8040587
https://doi.org/10.3390/antibiotics9070399
https://doi.org/10.1186/s12866-017-0944-3
https://doi.org/10.1016/j.femsle.2005.01.013
https://doi.org/10.1038/d41586-020-02418-x


McKinney, C. W., & Pruden, A. (2012). Ultraviolet disinfection of antibiotic resistant bac-
teria and their antibiotic resistance genes in water and wastewater. Environmental
Science & Technology, 46(24), 13393–13400. https://doi.org/10.1021/es303652q

Mikoyan, G., Karapetyan, L., Vassilian, A., Trchounian, A., & Trchounian, K. (2020).
External succinate and potassium ions influence Dcu dependent FOF1-ATPase activity
and H(þ) flux of Escherichia coli at different pHs. Journal of Bioenergetics and
Biomembranes, 52(5), 377–382. https://doi.org/10.1007/s10863-020-09847-3

Mishra, A., Taneja, N., & Sharma, M. (2012). Viability kinetics, induction, resuscitation
and quantitative real-time polymerase chain reaction analyses of viable but nonculturable
Vibrio cholerae O1 in freshwater microcosm. Journal of Applied Microbiology, 112(5),
945–953. https://doi.org/10.1111/j.1365-2672.2012.05255.x

Muela, A., Garcia-Bringas, J. M., Arana, I. I., & Barcina, I. I. (2000). The effect of simulated
solar radiation on Escherichia coli: The relative roles of UV-B, UV-A, and photosynthet-
ically active radiation. Microbial Ecology, 39(1), 65–71. https://doi.org/10.1007/
s002489900181

Nadeem, S. F., Gohar, U. F., Tahir, S. F., Mukhtar, H., Pornpukdeewattana, S., Nukthamna,
P., Moula Ali, A. M., Bavisetty, S. C. B., & Massa, S. (2020). Antimicrobial resistance:
More than 70 years of war between humans and bacteria. Critical Reviews in
Microbiology, 46(5), 578–599. https://doi.org/10.1080/1040841X.2020.1813687

Nei, D., Bari, M. L., Inatsu, Y., Kawasaki, S., Todoriki, S., & Kawamoto, S. (2010).
Combined effect of low-dose irradiation and acidified sodium chlorite washing on
Escherichia coli O157:H7 inoculated on mung bean seeds. Foodborne Pathogens and
Disease, 7(10), 1217–1223. https://doi.org/10.1089/fpd.2010.0565

Nicol, M., Mlouka, M. A. B., Berthe, T., Di Martino, P., Jouenne, T., Brunel, J. M., & De,
E. (2019). Anti-persister activity of squalamine against Acinetobacter baumannii.
International Journal of Antimicrobial Agents, 53(3), 337–342. https://doi.org/10.1016/j.
ijantimicag.2018.11.004

Noll, M., Trunzer, K., Vondran, A., Vincze, S., Dieckmann, R., Al Dahouk, S., & Gold, C.
(2020). Benzalkonium chloride induces a VBNC state in Listeria monocytogenes.
Microorganisms, 8(2), 184. https://doi.org/10.3390/microorganisms8020184

Nowakowska, J., & Oliver, J. D. (2013). Resistance to environmental stresses by Vibrio vul-
nificus in the viable but nonculturable state. FEMS Microbiology Ecology, 84(1), 213–222.
https://doi.org/10.1111/1574-6941.12052

Obiri-Danso, K., Paul, N., & Jones, K. (2001). The effects of UVB and temperature on the
survival of natural populations and pure cultures of Campylobacter jejuni, Camp. coli,
Camp. lari and urease-positive thermophilic campylobacters (UPTC) in surface waters.
Journal of Applied Microbiology, 90(2), 256–267. https://doi.org/10.1046/j.1365-2672.2001.
01239.x

Oliver, J. D. (2010). Recent findings on the viable but nonculturable state in pathogenic
bacteria. FEMS Microbiology Reviews, 34(4), 415–425. https://doi.org/10.1111/j.1574-6976.
2009.00200.x

Orta de Velasquez, M. T., Yanez Noguez, I., Casasola Rodriguez, B., & Roman Roman,
P. I., (2017). Effects of ozone and chlorine disinfection on VBNC Helicobacter pylori by
molecular techniques and FESEM images. Environmental Technology, 38(6), 753. https://
doi.org/10.1080/09593330.2016.1210680

Pedersen, K., Christensen, S. K., & Gerdes, K. (2002). Rapid induction and reversal of a
bacteriostatic condition by controlled expression of toxins and antitoxins. Molecular
Microbiology, 45(2), 501–510. https://doi.org/10.1046/j.1365-2958.2002.03027.x

34 Y. CAI ET AL.

https://doi.org/10.1021/es303652q
https://doi.org/10.1007/s10863-020-09847-3
https://doi.org/10.1111/j.1365-2672.2012.05255.x
https://doi.org/10.1007/s002489900181
https://doi.org/10.1007/s002489900181
https://doi.org/10.1080/1040841X.2020.1813687
https://doi.org/10.1089/fpd.2010.0565
https://doi.org/10.1016/j.ijantimicag.2018.11.004
https://doi.org/10.1016/j.ijantimicag.2018.11.004
https://doi.org/10.3390/microorganisms8020184
https://doi.org/10.1111/1574-6941.12052
https://doi.org/10.1046/j.1365-2672.2001.01239.x
https://doi.org/10.1046/j.1365-2672.2001.01239.x
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1080/09593330.2016.1210680
https://doi.org/10.1080/09593330.2016.1210680
https://doi.org/10.1046/j.1365-2958.2002.03027.x


Pichel, N., Vivar, M., & Fuentes, M. (2019). The problem of drinking water access: A
review of disinfection technologies with an emphasis on solar treatment methods.
Chemosphere, 218, 1014–1030. https://doi.org/10.1016/j.chemosphere.2018.11.205

Pommepuy, M., Butin, M., Derrien, A., Gourmelon, M., Colwell, R. R., & Cormier, M.
(1996). Retention of enteropathogenicity by viable but nonculturable Escherichia coli
exposed to seawater and sunlight. Applied and Environmental Microbiology, 62(12),
4621–4626. https://doi.org/10.1128/AEM.62.12.4621-4626.1996

Prestinaci, F., Pezzotti, P., & Pantosti, A. (2015). Antimicrobial resistance: A global multifa-
ceted phenomenon. Pathogens and Global Health, 109(7), 309–318. https://doi.org/10.
1179/2047773215Y.0000000030

Rahman, I., Shahamat, M., Chowdhury, M. A., & Colwell, R. R. (1996). Potential virulence
of viable but nonculturable Shigella dysenteriae type 1. Applied and Environmental
Microbiology, 62(1), 115–120. https://doi.org/10.1128/AEM.62.1.115-120.1996

Ramamurthy, T., Ghosh, A., Pazhani, G. P., & Shinoda, S. (2014). Current perspectives on
viable but non-culturable (VBNC) pathogenic bacteria. Frontiers in Public Health, 2, 103.
https://doi.org/10.3389/fpubh.2014.00103

Reineke, K., & Mathys, A. (2020). Endospore inactivation by emerging technologies: A
review of target structures and inactivation mechanisms. Annual Review of Food Science
and Technology, 11(1), 255–274. https://doi.org/10.1146/annurev-food-032519-051632

Richter, Ł., Janczuk-Richter, M., Niedzi�ołka-J€onsson, J., Paczesny, J., & Hołyst, R. (2018).
Recent advances in bacteriophage-based methods for bacteria detection. Drug Discovery
Today., 23(2), 448–455. https://doi.org/10.1016/j.drudis.2017.11.007

Rodriguez-Chueca, J., Varella Della Giustina, S., Rocha, J., Fernandes, T., Pablos, C.,
Encinas, A., Barcelo, D., Rodriguez-Mozaz, S., Manaia, C. M., & Marugan, J. (2019).
Assessment of full-scale tertiary wastewater treatment by UV-C based-AOPs: Removal or
persistence of antibiotics and antibiotic resistance genes? Science of the Total
Environment, 652, 1051–1061. https://doi.org/10.1016/j.scitotenv.2018.10.223

Rojas, E. R., Billings, G., Odermatt, P. D., Auer, G. K., Zhu, L., Miguel, A., Chang, F.,
Weibel, D. B., Theriot, J. A., & Huang, K. C. (2018). The outer membrane is an essential
load-bearing element in Gram-negative bacteria. Nature, 559(7715), 617–621. https://doi.
org/10.1038/s41586-018-0344-3

Romero Bernal, A. R., Contigiani, E. V., Gonzalez, H. H. L., Alzamora, S. M., Gomez,
P. L., & Raffellini, S. (2019). Botrytis cinerea response to pulsed light: Cultivability,
physiological state, ultrastructure and growth ability on strawberry fruit. International
Journal of Food Microbiology, 309, 108311. https://doi.org/10.1016/j.ijfoodmicro.2019.
108311

Rotem, E., Loinger, A., Ronin, I., Levin-Reisman, I., Gabay, C., Shoresh, N., Biham, O., &
Balaban, N. Q. (2010). Regulation of phenotypic variability by a threshold-based mech-
anism underlies bacterial persistence. Proceedings of the National Academy of Sciences,
107(28), 12541–12546. https://doi.org/10.1073/pnas.1004333107

Salive, A. F. V., Prudencio, C. V., Bagliniere, F., Oliveira, L. L., Ferreira, S. O., & Vanetti,
M. C. D. (2020). Comparison of stress conditions to induce viable but non-cultivable
state in Salmonella. Brazilian Journal of Microbiology, 51(3), 1269–1277. https://doi.org/
10.1007/s42770-020-00261-w

Schrammel, B., Cervero-Arago, S., Dietersdorfer, E., Walochnik, J., Luck, C., Sommer, R., &
Kirschner, A. (2018). Differential development of Legionella sub-populations during
short- and long-term starvation. Water Research, 141, 417–427. https://doi.org/10.1016/j.
watres.2018.04.027

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 35

https://doi.org/10.1016/j.chemosphere.2018.11.205
https://doi.org/10.1128/AEM.62.12.4621-4626.1996
https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1128/AEM.62.1.115-120.1996
https://doi.org/10.3389/fpubh.2014.00103
https://doi.org/10.1146/annurev-food-032519-051632
https://doi.org/10.1016/j.drudis.2017.11.007
https://doi.org/10.1016/j.scitotenv.2018.10.223
https://doi.org/10.1038/s41586-018-0344-3
https://doi.org/10.1038/s41586-018-0344-3
https://doi.org/10.1016/j.ijfoodmicro.2019.108311
https://doi.org/10.1016/j.ijfoodmicro.2019.108311
https://doi.org/10.1073/pnas.1004333107
https://doi.org/10.1007/s42770-020-00261-w
https://doi.org/10.1007/s42770-020-00261-w
https://doi.org/10.1016/j.watres.2018.04.027
https://doi.org/10.1016/j.watres.2018.04.027


Servais, P., Prats, J., Passerat, J., & Garcia-Armisen, T. (2009). Abundance of culturable ver-
sus viable Escherichia coli in freshwater. Canadian Journal of Microbiology, 55(7),
905–909. https://doi.org/10.1139/W09-043

Sharma, V. K., Johnson, N., Cizmas, L., McDonald, T. J., & Kim, H. (2016). A review of
the influence of treatment strategies on antibiotic resistant bacteria and antibiotic resist-
ance genes. Chemosphere, 150, 702–714. https://doi.org/10.1016/j.chemosphere.2015.12.
084

Smith, R., Karthikeyan, R., & Kaur, J. (2013). Assessment of Escherichia coli reactivation
after photocatalytic water disinfection using flow cytometry: Comparison with a culture-
based method. Water Supply, 13(3), 816–825. https://doi.org/10.2166/ws.2013.071

Song, K., Mohseni, M., & Taghipour, F. (2016). Application of ultraviolet light-emitting
diodes (UV-LEDs) for water disinfection: A review. Water Research, 94, 341–349. https://
doi.org/10.1016/j.watres.2016.03.003

Ssemakalu, C. C. (2012). The effect of solar ultraviolet radiation and ambient temperature
on the culturability of toxigenic and non-toxigenic Vibrio cholerae in Pretoria, South
Africa. African Journal of Microbiology Research, 6(30), 5957–5964. https://doi.org/10.
5897/ajmr12.601

Stewart, P. S., & Franklin, M. J. (2008). Physiological heterogeneity in biofilms. Nature
Reviews Microbiology, 6(3), 199–210. https://doi.org/10.1038/nrmicro1838

Su, X. M., Wang, Y. Y., Xue, B. B., Hashmi, M. Z., Lin, H. J., Chen, J. R., Wang, Z., Mei,
R. W., & Sun, F. Q. (2019). Impact of resuscitation promoting factor (Rpf) in membrane
bioreactor treating high-saline phenolic wastewater: Performance robustness and Rpf-
responsive bacterial populations. Chemical Engineering Journal, 357, 715–723. https://doi.
org/10.1016/j.cej.2018.09.197

Su, X. M., Zhang, Q., Hu, J. X., Hashmi, M. Z., Ding, L. X., & Shen, C. F. (2015).
Enhanced degradation of biphenyl from PCB-contaminated sediments: The impact of
extracellular organic matter from Micrococcus luteus. Applied Microbiology and
Biotechnology, 99(4), 1989–2000. https://doi.org/10.1007/s00253-014-6108-6

Sun, H., Li, G., An, T., Zhao, H., & Wong, P. K. (2016). Unveiling the photoelectrocatalytic
inactivation mechanism of Escherichia coli: Convincing evidence from responses of par-
ent and anti-oxidation single gene knockout mutants. Water Research, 88, 135–143.
https://doi.org/10.1016/j.watres.2015.10.003

Svenningsen, M. S., Veress, A., Harms, A., Mitarai, N., & Semsey, S. (2019). Birth and
resuscitation of (p)ppGpp induced antibiotic tolerant persister cells. Scientific Reports,
9(1), 6056. https://doi.org/10.1038/s41598-019-42403-7

Torkzadeh, H., Zodrow, K. R., Bridges, W. C., & Cates, E. L. (2021). Quantification and
modeling of the response of surface biofilm growth to continuous low intensity UVC
irradiation. Water Research, 193, 116895. https://doi.org/10.1016/j.watres.2021.116895

Trinh, N. T., Dumas, E., Thanh, M. L., Degraeve, P., Ben Amara, C., Gharsallaoui, A., &
Oulahal, N. (2015). Effect of a Vietnamese Cinnamomum cassia essential oil and its
major component trans-cinnamaldehyde on the cell viability, membrane integrity, mem-
brane fluidity, and proton motive force of Listeria innocua. Canadian Journal of
Microbiology, 61(4), 263–271. https://doi.org/10.1139/cjm-2014-0481

Truchado, P., Gil, M. I., Larrosa, M., & Allende, A. (2020). Detection and quantification
methods for viable but non-culturable (VBNC) cells in process wash water of fresh-cut
produce: Industrial validation. Frontiers in Microbiology, 11, 673. https://doi.org/10.3389/
fmicb.2020.00673

36 Y. CAI ET AL.

https://doi.org/10.1139/W09-043
https://doi.org/10.1016/j.chemosphere.2015.12.084
https://doi.org/10.1016/j.chemosphere.2015.12.084
https://doi.org/10.2166/ws.2013.071
https://doi.org/10.1016/j.watres.2016.03.003
https://doi.org/10.1016/j.watres.2016.03.003
https://doi.org/10.5897/ajmr12.601
https://doi.org/10.5897/ajmr12.601
https://doi.org/10.1038/nrmicro1838
https://doi.org/10.1016/j.cej.2018.09.197
https://doi.org/10.1016/j.cej.2018.09.197
https://doi.org/10.1007/s00253-014-6108-6
https://doi.org/10.1016/j.watres.2015.10.003
https://doi.org/10.1038/s41598-019-42403-7
https://doi.org/10.1016/j.watres.2021.116895
https://doi.org/10.1139/cjm-2014-0481
https://doi.org/10.3389/fmicb.2020.00673
https://doi.org/10.3389/fmicb.2020.00673


Trudeau, K., Vu, K. D., Shareck, F., & Lacroix, M. (2012). Capillary electrophoresis separation
of protein composition of gamma-irradiated food pathogens Listeria monocytogenes and
Staphylococcus aureus. PLoS One, 7(3), e32488. https://doi.org/10.1371/journal.pone.0032488

Van Rossum, T., Ferretti, P., Maistrenko, O. M., & Bork, P. (2020). Diversity within spe-
cies: Interpreting strains in microbiomes. Nature Reviews Microbiology, 18(9), 491–506.
https://doi.org/10.1038/s41579-020-0368-1

van Tatenhove-Pel, R. J., Zwering, E., Solopova, A., Kuipers, O. P., & Bachmann, H.
(2019). Ampicillin-treated Lactococcus lactis MG1363 populations contain persisters as
well as viable but non-culturable cells. Scientific Reports, 9(1), 9867. https://doi.org/10.
1038/s41598-019-46344-z

Vanlint, D., Pype, B. J., Rutten, N., Vanoirbeek, K. G., Michiels, C. W., & Aertsen, A.
(2013). Loss of cAMP/CRP regulation confers extreme high hydrostatic pressure resist-
ance in Escherichia coli O157:H7. International Journal of Food Microbiology, 166(1),
65–71. https://doi.org/10.1016/j.ijfoodmicro.2013.06.020

Venieri, D., Chatzisymeon, E., Gonzalo, M. S., Rosal, R., & Mantzavinos, D. (2011).
Inactivation of Enterococcus faecalis by TiO2-mediated UV and solar irradiation in water
and wastewater: Culture techniques never say the whole truth. Photochemical &
Photobiological Sciences, 10(11), 1744–1750. https://doi.org/10.1039/c1pp05198a

Wang, H., Hou, L., Liu, Y., Liu, K., Zhang, L., Huang, F., Wang, L., Rashid, A., Hu, A., &
Yu, C. (2021). Horizontal and vertical gene transfer drive sediment antibiotic resistome
in an urban lagoon system. Journal of Environmental Sciences, 102, 11–23. https://doi.
org/10.1016/j.jes.2020.09.004

Wang, M., Ateia, M., Awfa, D., & Yoshimura, C. (2021). Regrowth of bacteria after light-
based disinfection — What we know and where we go from here. Chemosphere, 268,
128850. https://doi.org/10.1016/j.chemosphere.2020.128850

Wang, Q., Zhang, D., Feng, J., Sun, T., Li, C., Xie, X., & Shi, Q. (2021). Enhanced photo-
dynamic inactivation for Gram-negative bacteria by branched polyethylenimine-contain-
ing nanoparticles under visible light irradiation. Journal of Colloid and Interface Science,
584, 539–550. https://doi.org/10.1016/j.jcis.2020.09.106

Wang, Y., Wang, H., Wang, X., Xiao, Y., Zhou, Y., Su, X., Cai, J., & Sun, F. (2020).
Resuscitation, isolation and immobilization of bacterial species for efficient textile waste-
water treatment: A critical review and update. Science of the Total Environment, 730,
139034. https://doi.org/10.1016/j.scitotenv.2020.139034

White, J. K., Nielsen, J. L., Larsen, C. M., & Madsen, A. M. (2020). Impact of dust on air-
borne Staphylococcus aureus’ viability, culturability, inflammogenicity, and biofilm form-
ing capacity. International Journal of Hygiene and Environmental Health, 230, 113608.
https://doi.org/10.1016/j.ijheh.2020.113608

WHO. (2020). Lack of new antibiotics threatens global efforts to contain drug-resistant infec-
tions. World Health Organization.

Wormer, L., Hoshino, T., Bowles, M. W., Viehweger, B., Adhikari, R. R., Xiao, N., Uramoto,
G. I., Konneke, M., Lazar, C. S., Morono, Y., Inagaki, F., & Hinrichs, K. U. (2019). Microbial
dormancy in the marine subsurface: Global endospore abundance and response to burial.
Science Advances, 5(2), eaav1024. https://doi.org/10.1126/sciadv.aav1024

Wu, B., Liang, W., Yan, M., Li, J., Zhao, H., Cui, L., Zhu, F., Zhu, J., & Kan, B. (2020).
Quorum sensing regulation confronts the development of a viable but non-culturable
state in Vibrio cholerae. Environmental Microbiology, 22(10), 4314–4322. https://doi.org/
10.1111/1462-2920.15026

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 37

https://doi.org/10.1371/journal.pone.0032488
https://doi.org/10.1038/s41579-020-0368-1
https://doi.org/10.1038/s41598-019-46344-z
https://doi.org/10.1038/s41598-019-46344-z
https://doi.org/10.1016/j.ijfoodmicro.2013.06.020
https://doi.org/10.1039/c1pp05198a
https://doi.org/10.1016/j.jes.2020.09.004
https://doi.org/10.1016/j.jes.2020.09.004
https://doi.org/10.1016/j.chemosphere.2020.128850
https://doi.org/10.1016/j.jcis.2020.09.106
https://doi.org/10.1016/j.scitotenv.2020.139034
https://doi.org/10.1016/j.ijheh.2020.113608
https://doi.org/10.1126/sciadv.aav1024
https://doi.org/10.1111/1462-2920.15026
https://doi.org/10.1111/1462-2920.15026


Wulsten, I. F., Galeev, A., & Stingl, K. (2020). Underestimated survival of campylobacter in
raw milk highlighted by viability Real-Time PCR and growth recovery. Frontiers in
Microbiology, 11, 1107. https://doi.org/10.3389/fmicb.2020.01107

Xu, T., Cao, H., Zhu, W., Wang, M., Du, Y., Yin, Z., Chen, M., Liu, Y., Yang, B., & Liu, B.
(2018). RNA-seq-based monitoring of gene expression changes of viable but non-cultura-
ble state of Vibrio cholerae induced by cold seawater. Environmental Microbiology
Reports, 10(5), 594–604. https://doi.org/10.1111/1758-2229.12685

Yeom, J., & Groisman, E. A. (2021). Reduced ATP-dependent proteolysis of functional pro-
teins during nutrient limitation speeds the return of microbes to a growth state. Science
Signaling, 14(667), eabc4235. https://doi.org/10.1126/scisignal.abc4235

Yoon, J. H., & Lee, S. Y. (2020). Characteristics of viable-but-nonculturable Vibrio parahae-
molyticus induced by nutrient-deficiency at cold temperature. Critical Reviews in Food
Science and Nutrition, 60(8), 1302–1320. https://doi.org/10.1080/10408398.2019.1570076

Zainab, S. M., Junaid, M., Xu, N., & Malik, R. N. (2020). Antibiotics and antibiotic resistant
genes (ARGs) in groundwater: A global review on dissemination, sources, interactions,
environmental and human health risks. Water Research, 187, 116455. https://doi.org/10.
1016/j.watres.2020.116455

Zhang, J., Li, W., Chen, J., Qi, W., Wang, F., & Zhou, Y. (2018). Impact of biofilm formation
and detachment on the transmission of bacterial antibiotic resistance in drinking water distri-
bution systems. Chemosphere, 203, 368–380. https://doi.org/10.1016/j.chemosphere.2018.03.143

Zhang, J., Wang, L., Shi, L., Chen, X., Chen, C., Hong, Z., Cao, Y., & Zhao, L. (2020).
Survival strategy of Cronobacter sakazakii against ampicillin pressure: Induction of the
viable but nonculturable state. International Journal of Food Microbiology, 334, 108819.
https://doi.org/10.1016/j.ijfoodmicro.2020.108819

Zhang, S., Ye, C., Lin, H., Lv, L., & Yu, X. (2015). UV disinfection induces a VBNC state
in Escherichia coli and Pseudomonas aeruginosa. Environmental Science & Technology,
49(3), 1721–1728. https://doi.org/10.1021/es505211e

Zhang, W., Gao, Y., Qin, Y., Wang, M., Wu, J., Li, G., & An, T. (2019). Photochemical
degradation kinetics and mechanism of short-chain chlorinated paraffins in aqueous
solution: A case of 1-chlorodecane. Environmental Pollution, 247, 362–370. https://doi.
org/10.1016/j.envpol.2019.01.065

Zhao, F., Wang, Y., An, H., Hao, Y., Hu, X., & Liao, X. (2016). New insights into the for-
mation of viable but nonculturable Escherichia coli O157:H7 induced by high-pressure
CO2. mBio, 7(4), e00961. https://doi.org/10.1128/mBio.00961-16

Zhao, L., Lv, X., Cao, X., Zhang, J., Gu, X., Zeng, H., & Wang, L. (2020). Improved quantitative
detection of VBNC Vibrio parahaemolyticus using immunomagnetic separation and PMAxx-
qPCR. Food Control, 110, 106962. https://doi.org/10.1016/j.foodcont.2019.106962

Zhao, W., Yu, G., Blaney, L., & Wang, B. (2021). Development of emission factors to esti-
mate discharge of typical pharmaceuticals and personal care products from wastewater
treatment plants. Science of the Total Environment, 769, 144556. https://doi.org/10.1016/j.
scitotenv.2020.144556

Zhong, Z. P., Rapp, J. Z., Wainaina, J. M., Solonenko, N. E., Maughan, H., Carpenter,
S. D., Cooper, Z. S., Jang, H. B., Bolduc, B., Deming, J. W., & Sullivan, M. B. (2020).
Viral ecogenomics of arctic cryopeg brine and sea ice. mSystems, 5(3), e00246-20.
https://doi.org/10.1128/mSystems.00246-20

Zhou, W., Wang, K., Hong, W., Bai, C., Chen, L., Fu, X., Huang, T., & Liu, J. (2020). Development
and application of a simple "easy to operate" propidium monoazide-crossing priming amplifica-
tion on detection of viable and viable but non-culturable cells of O157 Escherichia coli. Frontiers
in Microbiology, 11, 569105. https://doi.org/10.3389/fmicb.2020.569105

38 Y. CAI ET AL.

https://doi.org/10.3389/fmicb.2020.01107
https://doi.org/10.1111/1758-2229.12685
https://doi.org/10.1126/scisignal.abc4235
https://doi.org/10.1080/10408398.2019.1570076
https://doi.org/10.1016/j.watres.2020.116455
https://doi.org/10.1016/j.watres.2020.116455
https://doi.org/10.1016/j.chemosphere.2018.03.143
https://doi.org/10.1016/j.ijfoodmicro.2020.108819
https://doi.org/10.1021/es505211e
https://doi.org/10.1016/j.envpol.2019.01.065
https://doi.org/10.1016/j.envpol.2019.01.065
https://doi.org/10.1128/mBio.00961-16
https://doi.org/10.1016/j.foodcont.2019.106962
https://doi.org/10.1016/j.scitotenv.2020.144556
https://doi.org/10.1016/j.scitotenv.2020.144556
https://doi.org/10.1128/mSystems.00246-20
https://doi.org/10.3389/fmicb.2020.569105

	Abstract
	Introduction
	Characteristics of viable but nonculturable bacteria
	Morphology
	Physiology
	Virulence

	Detection, risk and application of viable but nonculturable bacteria
	Quantitative detection methods
	Live/dead baclight assay
	QPCR-based assays
	Phage-based detection methods

	Health risks
	Environmental applications

	Induction conditions and formation mechanisms
	General induction conditions
	Induction by light-based disinfection technologies
	Ultraviolet irradiation
	Sunlight and visible light
	Pulsed light and gamma rays
	Photocatalysis

	Formation mechanisms

	ARG transfer during light-based disinfection of VBNC bacteria
	Future challenges
	Conclusions
	Disclosure statement
	Funding
	Orcid
	References


