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Abstract

Microorganisms are exposed to a wide variety of stress factors in their natural environments. Under that stressful conditions,
they move into a viable but nonculturable (VBNC) state to survive and maintain the vitality. At VBNC state, microorgan-
isms cannot be detected by traditional laboratory methods, but they can be revived under appropriate conditions. Therefore,
VBNC organisms cause serious food safety and public health problems. To date, it has been determined that more than
100 microorganism species have entered the VBNC state through many chemical and physical factors. During the last four
decades, dating from the initial detection of the VBNC condition, new approaches have been developed for the induction,
detection, molecular mechanisms, and resuscitation of VBNC cells. This review evaluates the current data of recent years
on the inducing conditions and detection methods of the VBNC state, including with microorganisms on the VBNC state,

their virulence, pathogenicity, and molecular mechanisms.
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Introduction

Microorganisms in their natural environment develop vari-
ous strategies to cope with changing environmental condi-
tions changes (Robben et al. 2018). These strategies include
spore formation and protection mechanisms such as biofilm.
However, under stress conditions, bacteria that lack of such
mechanism pass into a state called dormancy, in which they
are viable but nonculturable (VBNC) (Yamamoto 2000;
Sachidanandham and Yew-Hoong Gin 2009). VBNC status
is a survival strategy adopted by many bacteria in response
to adverse environmental conditions (Ayrapetyan et al.
2018; Dong et al. 2020; Yoon and Lee 2020). In the case of
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VBNC, bacteria cannot grow on a routine culture medium,
while their live and metabolic activities continue. When the
environmental conditions are suitable again, VBNC cells
become re-culturable (Oliver 2000).

Microbial diversity and factors causing VBNC
state

VBNC was first identified in 1982 by Xu et al. in Escheri-
chia coli and Vibrio cholerae (Xu et al. 1982). In many stud-
ies conducted in the following years, VBNC was observed
in different bacterial species (Millet and Lonvaud-Funel
2000; Lemke and Leff 2006; Suzuki et al. 2006). To date,
researchers have identified a total of more than 100 bacte-
rial and fungal species that enter VBNC state (Oliver 2016;
Dong et al. 2020; Zhang et al. 2021). In the list of bacteria
that enter the VBNC form, there are many bacterial species
such as Escherichia coli, Campylobacter jejuni, Helicobac-
ter pylori, Legionella pneumophila, Listeria monocytogenes,
Salmonella typhimurium, Vibrio cholerae, Yersinia pestis,
and Mycobacterium tuberculosis, Klebsiella pneumoniae,
Methicillin resistant Staphylococcus aureus, Pseudomonas
aeruginosa, which cause nosocomial infections (Pinto et al.
2015; Zhao et al. 2017; Ayrapetyan et al. 2018; Dong et al.
2020; Ou et al. 2021; Zhang et al. 2021).
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Although the VBNC state is wide a distribution across
species, there is also variation in the conditions that induce
VBNC. For the first time, VBNC state was detected in the
sea and estuarine waters. After that this state has been deter-
mined by many studies to occur in different environments,
such as swimming water, tap water, food, and soil too (Xu
et al. 1982; Pommepuy et al. 1996; Defives et al. 1999;
Maalej et al. 2004; Liu et al. 2008; Abdallah et al. 2008;
Pawlowski et al. 2011).

Apart from these detected environments, many factors
induce cells into the VBNC state, according to the available
information in the literature. Factors such as temperature,
starvation, and pH are among the most studied conditions.
A study, S. aureus cells that treated with both citric acid
and low temperature were induced to VBNC after 18 days
(Bai et al. 2019). Similarly, in another study with E. coli
O157:H7, it was determined that cells were induced to
VBNC at two different temperatures at+4 °C and —20 °C
(Li et al. 2020). It has been determined that V. vulnificus
cells are induced into VBNC state in artificial seawater at
low temperatures (Oliver 2016). Another factor that induces
cells to VBNC state is nutrient starvation. Many bacterial
species, such as E. coli (Pinto et al. 2011; Li et al. 2020), Shi-
gella dysenteriae (Rahman et al. 1994, 1996; Oliver 2005),
V. parahaemolyticus (Baffone et al. 2003), Aeromonas
hydrophila (Maalej et al. 2004), and Klebsiella pneumoniae
(Byrd et al. 1991), are induced to VBNC state under starva-
tion conditions. Another environmental factor inducing into
the VBNC state in bacteria is pH. Both acidic and alkaline
pH conditions induce bacteria to VBNC state (Darcan et al.
2009; Capozzi et al. 2016; Bai et al. 2019; Li et al. 2020).
In addition, increased salinity (Li et al. 2020), high carbon
dioxide pressure (Zhao et al. 2016), thermosonication (Liao
et al. 2018), sunlight (Pommepuy et al. 1996; Besnard et al.
2002), artificial different light sources (Idil et al. 2010; Dar-
can 2012), low oxygen content (Bovill and Mackey 1997;
Pinto et al. 2011), drying (Dinu and Bach 2011; Jameelah
et al. 2018), osmotic stress (Li et al. 2020), reactive oxygen
species (ROS) (Zhou et al. 2022), food preservatives and
heavy metals (del Campo et al. 2009; Aurass et al. 2011;
Li et al. 2014), organic pollutants (Su et al. 2016), inor-
ganic salts (Robben et al. 2018; Li et al. 2020), chlorination
(Oliver 2005; Lin et al. 2017; Chen et al. 2018; Noll et al.
2020), UV radiation (Zhang et al. 2015; Xu et al. 2018), and
under less studied stress conditions, such as aerosolization
(Heidelberg et al. 1997), acetosyringone (Postnikova et al.
2015), lyophilization and cryopreservation (Hoefman et al.
2012), bacteria are induced into the VBNC state.

Moreover, VBNC state is also found in foodstuffs such
as seafood (Lindba“ck et al.; Asakura et al. 2002; Pan et al.
2020), pork (Han et al. 2018), poultry (Purevdorj-Gage et al.
2018), fruit juices (Nicolo et al. 2011; Pan et al. 2020), milk
(Cunningham et al. 2009), wine (Millet and Lonvaud-Funel
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2000; Capozzi et al. 2016), and beer (Liu et al. 2018; Xu
et al. 2022). According to the above-mentioned literatures,
it has been determined that VBNC formation is not only
dependent on the stress conditions, but also microorganisms
can switch to VBNC state in rich nutrient environments too.

VBNC detection methods

VBNC cells pose a significant public health problem as
they remain potentially pathogenic under favorable condi-
tions and cannot be detected by conventional culture meth-
ods (Ravel et al. 1995). Thus, it is extremely important to
determine the level of microbial contamination from food,
hospital, water, etc., and to use and develop appropriate
techniques for detecting VBNC bacteria (Ramamurthy et al.
2014).

Bacteria in the VBNC state cannot be cultured despite
metabolic activity continues. Therefore, it is impossible to
detect VBNC cells with conventional methods. Various via-
bility measurement methods, such as metabolism, cell mem-
brane integrity, and respiratory activity, have been developed
for detecting VBNC cells.

Initial studies of VBNC detection in bacteria were based
on cell staining procedures. The first method adopted to
detect VBNC cells is direct viable count (DVC), a micro-
scopic method (Kogure et al. 1979). Direct viable count is
based on the acridine orange staining of cells in the presence
of antibiotics, such as nalidixic acid, aztreonam, and cipro-
floxacin that inhibit DNA synthesis in rich medium (Kogure
et al. 1979; Xu et al. 1982; Heidelberg et al. 1997). In this
method, live and dead cells are distinguished by observa-
tion of the microscope due to the differences in their sizes
(Kogure et al. 1979; Yokomaku et al. 2000). Although elon-
gated cells are accepted as a live, small cells are accepted
as a dead cell. The total of both dead and live cell are deter-
mined as total cell count.

Another method used to detect VBNC cells is the evalu-
ation of cytoplasmic membrane integrity. In this method,
the combination of two different fluorescent dyes, nucleic
acid-based SYTO-9, and propidium iodide, is used. This
dye makes it possible to distinguish between dead and living
cells in fluorescent microscopy and flow cytometry. SYTO-9
gives a green fluorescent color that labels all bacteria in a
population, while propidium iodide penetrates only damaged
membranes and gives a red fluorescent color. In this way,
cells with intact membranes fluoresce green, and cells with
damaged membranes fluoresce red (Zhao et al. 2013; Pinto
et al. 2015; Park and Kim 2018). Fluorescent green cell is
live, while fluorescent red cell is dead. However, this method
cannot distinguish culturable cell and unculturable cell
(VBNC state) between fluorescent green cells. Therfore, this
method must use with plaque count. Another method used to
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detect cellular activity in VBNC cells is CTC-DAPI stain-
ing. This method can be performed in two different ways,
5-Cyano-2,3-Ditolyl Tetrazolium Chloride (CTC)-DAPI and
2-p (Iodophenyl)-3-p (Nitrophenyl) 5-Phenyl Tetrazolium
Chloride (INT)-DAPI (Denisova et al. 2022; Progulske-
Fox et al. 2022; Qi et al. 2022). These formazan salts act
as electron acceptors and are reduced to a precipitate as
INT formazan or CTC formazan by taking electrons at the
end of the electron transport chain. Dark red precipitates of
INT formazan are visualized with an optical microscope,
while red fluorescent precipitates of CTC formazan are
visualized by epifluorescence microscopy (Fakruddin et al.
2013; Wideman et al. 2021). This method is not possible to
distinguish culturable and nonculturable cells. As with the
live—dead method, this method must use with plaque count.
In the recent years, various nucleic acid-based methods
have been developed as viability markers in bacteria (Guo
et al. 2021; Wen et al. 2022). However, it is not possible to
distinguish dead bacteria from live bacteria by normal PCR
or gPCR because these methods only target DNA. Because
of this reason, ethidium monoazide (EMA) and propidium
monoazide (PMA) were used in real-time PCR to measure
the DNA of living cells (Wideman et al. 2021). EMA and
PMA enter through the damaged cell membrane, penetrate
dead bacteria, and react with the hydrocarbon portion of
dead cell DNA, causing structural changes in DNA. With
these changes, dead cell DNA cannot replicate in the PCR
reaction, and only living cell DNA can replicate (Zhang
et al. 2015; Ding et al. 2017; Zhong and Zhao 2018; Wide-
man et al. 2021). However, according to the results obtained,
it has been determined that PMA has a higher affinity than
EMA, and therefore the use of PMA has become widespread
(Zhong and Zhao 2018; Fu et al. 2020; Hussein and Ghit
2021; Gao et al. 2021). Another method based on the DNA-
based molecular diagnostic approaches is mRNA-based
reverse transcription-quantitative PCR (RT-qPCR). In this
method, a stably expressed target gene, genes such as /685,
relA, tuf, rpoS, and virulence genes are used as viability
markers. Since the RT-qPCR method works with mRNA,
this method limits the studies due to both the stability of
mRNA and the difficulties in isolation (Lothigius et al. 2010;
Zhang et al. 2015; Wideman et al. 2021). In both methods
mentioned, they do not give numerical data as in microscope
counts, but can only be used as a viability indicator.
Another method used to detect VBNC cells is the use of
biosensors. A phage-based biochip using magnetic nanopar-
ticles has been developed for the detection of VBNC cells.
In the study, a broad-spectrum virulent phage (PVP-SE1)
was selected and a phage-based biochip using magnetic
nanoparticles was developed by adding Salmonella-specific
antibodies (anti-Salmonella) to the surface probe regions of
the phages. With this developed biochip, work was carried
out with live, dead, and VBNC cells, and it was determined

that dead cells were clearly separated from live cells (Fer-
nandes et al. 2013). However, this method cannot separate
culturable and nonculturable cell to each other. Again in
a sensor-based study, Polyclonal anti-S. aureus antibody
was immobilized on the gold electrode and an immunosen-
sor was developed. With this developed immunosensor,
bacteria at different concentrations were allowed to react,
and the electrochemical response of the modified electrode
was measured by impedance spectroscopy. In the measure-
ment, it was observed that S. aureus cells of different densi-
ties, both stressed and resuscitated, could be successfully
detected thanks to the specific antibody—bacteria interaction
(Bekir et al. 2015).

Physical and molecular changes in bacteria
in VBNC state

In the VBNC state, microorganisms show some changes to
withstand environmental conditions. Although morphology
(Zhu et al. 2022; Yang et al. 2022) and cell wall structure
(Signoretto et al. 2000) vary in VBNC cells, protein synthe-
sis (Rahman et al. 1994), gene expression (Lled et al. 2001),
membrane integrity (Lloyd and Hayes 1995), and respiratory
activity (Oliver 2005; Li et al. 2014) still continue. It has
been determined by electron microscopy that some changes
occur in cell volume and cell envelope in bacteria in VBNC
(Signoretto et al. 2000; Li et al. 2016). In the VBNC state, it
was observed that rod-shaped microorganisms transitioned
to coke and similar form, while arc-shaped microorganisms
transitioned to spherical form (Kumar and Ghosh 2019;
Dong et al. 2020). These changes are associated with exten-
sive modifications in cell wall components, such as the cyto-
plasmic membrane, fatty acid composition, peptidoglycan
crosslinks, lipoprotein, and glycan chains (Signoretto et al.
2000; Dong et al. 2020). These modifications are properties
increase the stabilization of the cell wall and membrane in
VBNC cells, and thus provide the stability of the cell. in
addition, there are several physiological and molecular dif-
ferences between VBNC cells and culturable cells, including
the amount of RNA, gene expression, protein profiles, ATP
synthesis, virulence potential, metabolism, physical, and
chemical resistance (Gonzalez-Escalona et al. 2006; Dar-
can and Aydin 2012; Hung et al. 2013; Robben et al. 2018,
2019; Fu et al. 2020).

Enzyme activity in VBNC cells

Another important feature of VBNC organisms is the con-
tinuation of their metabolic activities. In some studies using
the API ZYM kit with VBNC cells, the metabolic activities
of VBNC cells were analyzed. In the study performed with
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Vibrio fluvialis in marine sediment, a decrease was observed
in alkaline phosphatase, C4-esterase, and C8-esterase lipase
activities, while leucine arylamidase, valine arylamidase,
B-galactosidase, and pB-glucosidase enzyme activities could
not be detected. However, in the same study, only C8-ester-
ase lipase, acid phosphatase, and naphthol-AS-BI-phospho-
hydrolase were found to be at the same level as normal cells
in cells incubated in seawater (Amel et al. 2008). It was
determined that all enzyme activities in E. coli O157:H7
cells induced to VBNC by high carbon dioxide pressure
were lower than in cells growing in the logarithmic phase
(Zhao et al. 2016). In a study with Rhodococcus biphe-
nylivorans, some enzymes of VBNC and normal cells, such
as a-glucosidase, pB-glucosidase, acid phosphatase, naph-
thol-ASBI-phosphohydrolase, valine arylamidase, leucine
arylamidase, esterase lipase, and esterase were found to have
similar activities (Su et al. 2015). It was determined by API
ZYM kit that acid phosphatase, alkaline phosphatase, and
naphthol-ASBI-phosphohydrolase enzymes showed similar
activities in S. aureus logarithmic phase cells and VBNC
cells (Yan et al. 2021). The study with S. aureus, VBNC
cells preserved the enzyme activities related to alkaline
phosphatase, acid phosphatase, esterase lipase C8, esterase
C4, and naphthol-AS-BI-phosphohydrolase like normal
cells (Liao et al. 2021). Alkaline phosphatase, esterase (C4),
esterase lipase (C8), B-glucosidase, amylase, lecitinase, and
caseinase enzymes were activated in VBNC Bacillus sp.
cells under fasting conditions as compared to normal cells
(Mahdhi 2012).

HipA RelE

Fig. 1 Some proteins involved in VBNC state formation in E. coli
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Molecular mechanism of VBNC state

Although many studies have been conducted on the stress
factors that trigger the entry of bacteria into VBNC and the
bacterial species entering the VBNC state, the molecular
mechanism of the VBNC state is still not fully elucidated
(Li et al. 2014; Pinto et al. 2015; Dong et al. 2020; Yoon
and Lee 2020). Consequently, in some studies carried out
to determine the molecule that induces or controls the
VBNC state, it has been stated that several proteins con-
trolling the mechanism play an important role in VBNC
cell formation. Some proteins involved in the formation of
VBNC state in E. coli are summarized in Fig. 1.

Proteins found to play a role in the VBNC state include
the sensor histidine kinase EnvZ (Darcan et al. 2003,
2009), the alternative sigma factor RpoS (Boaretti et al.
2003; Kusumoto et al. 2012), and the polyphosphate
kinase PPK1 (Gangaiah et al. 2009).

Darcan et al. (2009) found that E. coli envZ knockout
strains did not enter the VBNC state in their study with sea-
water. Similarly, they found that this situation did not change
under different stress conditions such as osmotic stress, alka-
line pH, and the presence of osmotprotectan glycine betaine.
That is, even if the stress factors change, the E. coli envZ
mutant strain does not enter the VBNC state (Darcan et al.
2003, 2005, 2009). Furthermore, it has been determined in
studies that outer membrane porin proteins and EnvZ sen-
sor protein have a role in the formation of the VBNC state.
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A significant increase in the synthesis of outer membrane
proteins TolC, OmpW, and OmpF was detected in E. coli
cells induced to VBNC by oxidative stress, high carbon
dioxide pressure, chlorine, and low temperatures (Asakura
et al. 2008; Muela et al. 2008; Li et al. 2016; Lin et al. 2017;
Zhong and Zhao 2019). In addition, a decrease in the syn-
thesis of the outer membrane protein OmpA was detected
under high carbon dioxide pressure (Zhao et al. 2016). It was
determined that the expression level of OmpA decreased in
Cronobacter sakazakii cells induced to a VBNC state by
drought stress (Jameelah et al. 2018).

In addition to outer membrane proteins, it has been
determined that the alternative sigma factor RpoS, which is
responsible for the regulation of many genes under different
stress conditions, also plays an important role in the forma-
tion of VBNC. Boaretti et al. (2003) found that rpoS mutant
E. coli cells did not enter the VBNC state in the artificial
oligotrophic medium at+4 °C, and died early under stress
conditions (Boaretti et al. 2003). It was determined that rpoS
expression increased in E. coli cells induced to VBNC state
by chlorine (Lin et al. 2017; Chen et al. 2018). On the other
hand, in studies performed with E. coli, S. typhimurium, S.
enterica, C. sakazakii, and V. cholera under different stress
conditions, it was determined that the expression level of
RpoS decreased. Therefore, it is seen that there are variable
results regarding the role of RpoS in different cells under
different stress conditions (Gonzélez-Escalona et al. 2006;
Kusumoto et al. 2012; Jameelah et al. 2018; Xu et al. 2018).

Another enzyme associated with VBNC status is
polyphosphate kinase 1 (PPK1), which has a key role in the
synthesis of Poly-P. It has been determined in studies that
this enzyme is the basic molecule for survival, the virulence
and mediating stress responses of bacteria. Gangaiah et al
(2009) and Kassem et al (2013) found that the ability of C.
Jjejuni to form VBNC cells decreased with the decrease in
the accumulation of poly-P in the Ppkl mutant. This result
indicates that poly-P can positively regulate VBNC forma-
tion (Gangaiah et al. 2009; Kassem et al. 2013).

Studies conducted that EnvZ, RpoS, and PPK1, as well
as oxidative stress-related genes, LysR-type transcriptional
regulator OxyR (Kong et al. 2004; Li et al. 2014), alkyl
hydroperoxide reductase subunit AhpC (Asakura et al.
2007; Wang et al. 2013), glutathione S-transferase (GST)
(Abe et al. 2007), and superoxide dismutase SodA (Noor
et al. 2009) was determined as VBNC status-associated
proteins. To determine the relationship of the LysR type
transcriptional regulator OxyR with VBNC status, oxyR
gene region mutant Vibrio vulnificus cells were exposed
to cold, and loss of culturability was observed in the oxyR
mutant strains. In other words, the oxyR gene prevents
cells from entering the VBNC state (Kong et al. 2004).
Asakura et al. (2007) found that the expression levels of
ahpCF and aceF decreased in their study with MP37, a

stress-sensitive variant of E. coli, under oxidative stress
(Asakura et al. 2007). On the other hand, studies have also
shown that GST affects the processes of VBNC status in
response to oxidative stress (Abe et al. 2007). In the study
performed with V. vulnificus in artificial seawater at low
temperatures, it was determined that the cells were not
induced to the VBNC state in the overexpression of GST
(Abe et al. 2007; Li et al. 2014). The sod gene associated
with oxidative stress was also found to be associated with
VBNC status. In E. coli cells induced to VBNC under high
carbon dioxide pressure, it was determined that the sod
gene increased significantly in transcriptomic studies, but
its expression changed insignificantly in proteomic ana-
lyzes (Zhao et al. 2016). Also, Masmoudi et al. reported
that sodA inactivation can induce VBNC entry in S. aureus
(Masmoudi et al. 2010). It was determined that the expres-
sion of katA, an oxidative stress gene, increased in V. chol-
erae cells induced to the VBNC state by low temperature
(Zhao et al. 2017; Xu et al. 2018). When E. coli cells was
induced to VBNC state in chlorine and chloramine, it was
determined that soxR, and katG genes were expressed at
high levels (Chen et al. 2018).

In the recent years, a good number of study have been
carried out to unravel the molecular mechanism of VBNC
with transcriptomic analyzes. This method provides the anal-
ysis of expression levels of all existing genes under the same
conditions. Therefore, it can be determined which genes are
active or inactive in the VBNC state. In the literature, there
are transcriptomics-based studies carried out with different
stress conditions and different microorganism species. In E.
coli induced to VBNC state by low temperatures, a total of
2298 genes were detected, where the synthesis of 1735 genes
increased and 563 genes decreased (Zhong and Zhao 2019).
According to the RNA-seq and iTRAQ results in E. coli cells
induced to VBNC under high CO, pressure, it was revealed
that 97 genes and 56 proteins were significantly altered in
the VBNC state (Zhao et al. 2016).

In E. coli cells induced to VBNC using chlorine, it was
found that the expression of 203 genes increased, 159 genes
decreased, and the expression of 362 genes in total changed
significantly (Ye et al. 2020). In another VBNC study with
E. coli, cells were exposed to high-pressure carbon dioxide
(HPDC), extracellular pH 3, and high pressure (HP), and
their induction into the VBNC state was investigated. RNA-
seq analyzes were performed with cells induced into the
VBNC state. According to the results of the analysis, 85,
263, and 529 differently expressed genes were detected in
HP, pH 3, and HPCD-treated cells compared to normal cells,
respectively. 59 expressed genes were related in both pH 3
and HPCD treatment, and it was thought that these genes
might be responsible for VBNC induction. It was empha-
sized that these detected genes are mainly involved in cel-
lular transport and localization (Yang et al. 2022).
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As aresult of transcriptomic analyzes with S. cerevisiae
cells induced to VBNC state by isomerized hop extract,
while genes involved in carbohydrate, amino acid metabo-
lism, DNA replication, and cell division were down-reg-
ulated in VBNC cells, but TCA cycle, ABC transporter,
organic acid metabolism, and oxidoreductase activities
were found to increase. Compared with normal cells, a
total of 749 differently expressed genes were detected
in VBNC cells, of which the synthesis of 499 genes
increased, while the synthesis of 250 genes decreased.
Cells that underwent resuscitation and VBNC cells were
also compared, and a total of 1271 genes were found to be
differentially expressed (Xiao et al. 2022).

In the microarray analysis with V. cholerae induced
to VBNC state at low temperatures in artificial seawater,
the proteins of transport, binding proteins, DNA metabo-
lism, cell envelope proteins, energy metabolism, amino
acid biosynthesis, fatty acid, and phospholipid metabo-
lism, conserved proteins have been identified. These pro-
teins increase and decrease the expression of many genes
responsible for cellular processes were detected (Asakura
et al. 2007). The study performed with V. cholerae in arti-
ficial seawater at low temperatures, it was determined that
the synthesis of 17 genes, including lysine/cadaverine anti-
porter, 50S ribosomal protein L29, a serine protease, ami-
noimidazole riboside kinase, and DNA primase increased
(Casasola-Rodriguez et al. 2018).

RNA-seq analysis of V. cholerae cells induced to VBNC
state at low temperatures in artificial seawater, it was
determined that the synthesis of 985 genes increased, the
synthesis of 435 genes decreased, and the expression of
1420 genes in total changed. Biofilm formation (rbmA and
bapl), chitin use (vc0769, vca0027, and vc1073), and syn-
thesis of stress genes (groEL, groES, and dnaK) increased,
while synthesis of cell division (ftsZ and DicC), morphol-
ogy (mreBCD) and ribosomal activity genes decreased (Xu
et al. 2018). The three studies mentioned above are based
on the induction of V. cholerae into the VBNC state in arti-
ficial seawater at low temperatures. However, when these
studies were compared, it was determined that the gene
expression data did not give consistent results with each
other. For example, Asakura et al. found that genes, such
as mshM, vctc, rfbL, and malG are very highly expressed,
Xu et al. found that these genes were decreased. When the
studies are examined in this way, there is great diversity,
and the studies cannot be confirmed by each other. There-
fore, more studies are needed to unravel the molecular
mechanism of VBNC.

This figure summarizes the genes associated with the
VBNC condition in E. coli. Arrows indicate positive regu-
lators of genes in VBNC formation, and T-shaped lines
indicate negative regulators.
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Virulence of bacteria in VBNC status

It has been determined by many studies that bacteria in
the VBNC state maintain pathogenicity. It has been deter-
mined that many microorganism species such as E. coli,
S. aureus, Vibrio sp, C. jejuni, Salmonella, Shigella, M.
tuberculosis, and Cronobacter maintain their virulence in
the case of VBNC.

In a study with S. typhimurium, it was determined that
the cells were induced to VBNC state at —20 °C and
CuSO, exposure. Then, both VBNC cells, resuscitated
cells, and saline as a control was injected into mouse
experimental groups. Mice inoculated with both VBNC
cells and resuscitated cells after injection developed
diarrhea, whereas none of the mice in the control group
became ill. In addition, culturable S. typhimurium cells
were isolated from mouse ascites of these two groups
(Zeng et al. 2013). In another study, it was determined that
V. parahaemolyticus cells induced in VBNC state in arti-
ficial seawater can colonize rat intestines, maintain their
virulence in rat ileal loop model experiments, and can be
isolated from the intestines of about half of mice (Baffone
et al. 2003). The virulence of V. vulnificus cells induced
into VBNC state at low temperatures was determined by
mouse experiments and it was determined that V. vulnifi-
cus in VBNC state killed mice. In addition, resuscitated
V. vulnificus cells could be isolated from dead mice (Oli-
ver and Bockian 1995). In a study in the 4 °C microcosm
with an attenuated strain of Vibrio cholerae, cells were
induced into VBNC state. V. cholerae cells induced to
VBNC state were then inoculated into a group of volun-
teers. It has been found that VBNC V. cholerae cells can
be colonized and cultured in the human intestine (Colwell
et al. 1996). Edwardsiella tarda, a fish pathogen, induced
VBNC in seawater at low temperatures and its virulence
properties were investigated. In virulence experiments
with turbot fish, VBNC cells, normal cells, resuscitated
cells, and sterile saline were injected into fish, and all fish
died except those injected with saline. The cause of death
was confirmed by re-culturing the bacterium from the acid
fluid, kidneys and spleens of dead fish (Du et al. 2007).
In another study, under copper stress in a nutrient-poor
microcosm, E. coli cells were induced to VBNC and the
cells were resuscitated as a result of relieving stress by
chelation of copper ions. It has been determined that szx2,
aggR, aggA genes, which are major virulence gene mark-
ers, are preserved in resuscitated cells (Aurass et al. 2011).
Also, in another study with E. coli O157:H7, cells were
induced into VBNC state at high temperature. It was found
that Shiga toxin genes (stx/, stx2) and virulence genes
(eae and hlyA) were highly expressed in cells induced to
VBNC state. Among these genes, especially eae and stx2
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genes were found to be expressed at a higher rate in VBNC
conditions than in culturable condition, and as a result,
higher virulence in VBNC cells was considered (Fu et al.
2020). Similarly, cytotoxicity tests were performed on
Vero cells to quantitatively evaluate Stx production in E.
coli O157:H7 cells induced to VBNC state by river water,
PBS buffer, deionized water, and chloramine water. It has
been found that VBNC cells retain their ability to produce
Stx under all conditions and have different levels of Stx
(Liu et al. 2010). In conclusion, virulence continues in E.
coli O157:H7 cells both in VBNC state and in resuscitated
cells.

Yoon and Lee (2018) found that three different strains
of V. parahaemolyticus induced to VBNC state in artifi-
cial seawater maintained cellular toxicity against Vero and
Caco-2 human cell lines and regained cytotoxicity even
after resuscitation (Yoon and Lee 2018). In another cyto-
toxicity study with V. parahaemolyticus cells in VBNC
condition, it was determined that VBNC V. parahaemo-
Iyticus cells showed cytotoxic effects on the HEp-2 cell
line. In the same study, mouse experiments were also per-
formed, and it was found that the infection time of cells in
VBNC state was prolonged compared to cells in the expo-
nential phase, but the mouse lethality and enteropatho-
genicity were preserved (Wong et al. 2004). The virulence
and resuscitation of C. jejuni cells induced to VBNC state
at low temperatures were investigated. Transcription levels
of virulence-related genes (flaA, flaB, cadF, ciaB, cdtA,
cdtB, and cdtC) were found to be low but maintained in
VBNC C. jejuni cells, and VBNC C. jejuni cells were able
to invade Caco-2 human intestinal epithelial cells (Chai-
sowwong et al. 2012). S. dysenteriae was induced into
VBNC state under starvation stress and cytotoxicity study
was performed using HeL a cells. It has been determined
that pathogenicity is preserved in S. dysenteriae in the
VBNC state and expression of the Shiga toxin (stx) gene
is maintained (Rahman et al. 1994, 1996). However, in
cytotoxicity studies, it is not known whether the patho-
genicity originates from resuscitation or from VBNC cells.
Pathogenicity may also be due to resuscitated bacteria.
Therefore, in such pathogenicity studies, it is necessary
to precisely determine whether the disease is caused by
cells that have been resuscitated and become reproduc-
ible. As a result, in many studies, it has been determined
that virulence persists in bacteria with VBNC state and
differs according to bacterial species. Some bacteria in the
VBNC state remain dormant under stress conditions until
they regain their viability against various factors and can
cause disease when resuscitated, while others continue to
express their virulence/toxicity-related genes and remain
pathogenic under the VBNC state (Zhang et al. 2015; Li
et al. 2016; Zhao et al. 2017; Dong et al. 2020).

Resuscitation of bacteria in VBNC status

VBNC cells that cannot grow in routine culture environ-
ments but are metabolically active can return to an active
and culturable state when the environmental conditions
are favorable again or with some treatments that can be
applied. This condition is known as resuscitation, and
many factors can cause resuscitation. In cells induced
to VBNC state by low or high temperature, keeping the
temperature at the optimum level allows the cells to can
be resuscitated (Mizunoe et al. 2000; Zeng et al. 2013;
Fu et al. 2020). Also, factors play a role in reversing the
VBNC condition, such as nutrient addition (Bekir et al.
2015; Song and Lee 2021), and increasing ambient humid-
ity in drought (Se et al. 2021).

In addition, many chemical factors trigger the exit of
cells from the VBNC state. For example, chemicals such
as sodium pyruvate (Mizunoe et al. 2000), Tween 20 (Zeng
et al. 2013; Jiang 2014), Tween 80 (Wei and Zhao 2018),
NaCl (Casasola-Rodriguez et al. 2018), amino acids, such
as (Pinto et al. 2011; Pienaar et al. 2016), glutamine, threo-
nine, serine, some vitamins (Hommel et al. 2019), and active
proteins (Mizunoe et al. 2000; Zeng et al. 2013; Jiang 2014;
Pinto et al. 2015; Liu et al. 2018; Zhu et al. 2022), such
as catalase, DnaK, Rpfs, YeaZ, autoinducers, norepineph-
rine (Pinto et al. 2011; Ayrapetyan et al. 2014) and antioxi-
dizing compounds (Mizunoe et al. 2000; Liao et al. 2018)
many substances such as can increase the culturability of
VBNC cell population. However, culturability differs for
each bacterial species, and sometimes multiple stimuli may
be required for the culturability of a VBNC population. In
bacteria such as V. parahaemolyticus, V. cholerae and V. vul-
nificus induced into VBNC state by cold stress, resuscitation
occurs by elimination of cold stress (Yoon and Lee 2020).
Enterohemorrhagic E. coli induced in VBNC by starvation
and low temperature may resuscitate in environments modi-
fied with catalase or sodium pyruvate (Mizunoe et al. 2000).
In cells that enter VBNC state with high temperatures, the
exposure time to the temperature has different results on
the resuscitation of the cells. Although the cells induced to
VBNC by short-term exposure to high temperature can be
resuscitation at optimum temperature values, cells exposed
to high temperature for a long time cannot resuscitation (Fu
et al. 2020). E. coli O157:H7 cells induced to VBNC state
by electrolyzed oxidizing water were resuscitated in medium
containing sodium pyruvate and Tween 20 (Afari and Hung
2018). Moreover, studies have shown that protein aggrega-
tion in E. coli may be associated with VBNC status, and this
aggregation status may also be associated with resuscitation
(Desnues et al. 2003; Pu et al. 2019; Fu et al. 2020). It has
been determined that the DnaK—ClpB apparatus is required
for resuscitation in VBNC cells (Pu et al. 2019).
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Conclusion

VBNC state in bacteria is an important survival strategy
developed against many physical and chemical factors such
as temperature, pH, antibiotics, oxidation and heavy met-
als. Although VBNC state is predicted by some researchers
as a result of genetic mechanism, some researchers suggest
that it is random (Ravel et al. 1995; Desnues et al. 2003).
There have been many studies on the VBNC state over the
years. Many areas have been studied, including microorgan-
isms entering VBNC state, conditions inducing VBNC state,
physiology, virulence, resuscitation, and molecular mecha-
nism of VBNC cells. However, as compiled above, conclu-
sive and meaningful conclusions regarding the mechanism
of VBNC state could not be drawn. Because, although the
detected genes are logically related to VBNC, they do not
give clear information about the mechanism. No clear infor-
mation could be provided about how the genes determined
in the studies regulate which genes in a molecular pathway,
and different results were obtained regarding genes roles in
different organisms and under different stress conditions.
Despite the increase and decrease in the expression level of
many genes in many transcriptome-based studies, a com-
mon metabolic pathway used in the molecular mechanism
of VBNC has not been determined. Since different genes
are prominent in cells entering VBNC state under different
conditions, a common and valid mechanism could not be
determined. Therefore, the mechanism of the VBNC state
still contains serious loopholes. Moreover, VBNC poses a
problem for public health and food safety, as cells retain
their virulence and can resuscitation under appropriate con-
ditions. Therefore, further studies are needed to unravel the
mechanism involved in the induction and resuscitation of
the VBNC state.
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