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ABSTRACT.	 The viable but non-culturable (VBNC) state is a remarkable survival mechanism 
in which cells exist in a physiologically inactive state. Bacteria in the VBNC state do not form 
colonies, and thus, are difficult to detect using colony-based methods. As a result, VBNC bacteria 
are potentially virulent and can cause widespread contamination during food production. In 
the present study, we reported a novel biomarker, the membrane vesicle protein PagC, for 
the detection of VBNC Salmonella. Salmonella cells were chemically induced into the VBNC 
state by H2O2 treatment. The bacterial cells retained their shapes but were observed to release 
numerous membrane vesicles, which were accompanied by a transient PagC overexpression. 
Immunoblotting was performed to detect PagC in pathogenic strains, including Salmonella 
Enteritidis and S. Typhimurium, which are harmful and known to cause food-borne gastroenteritis 
in humans and other animals. Therefore, our findings demonstrated the potential use of PagC as a 
biomarker for the detection of VBNC Salmonella in food production.
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The viable but non-culturable (VBNC) state is a unique but effective survival strategy that is observed in many bacterial cells 
when subjected to unfavorable environments [9, 16]. The VBNC state has been generally considered a dormant state. However, 
VBNC cells were shown to be more metabolically active than previously thought. Although VBNC bacteria do not divide or 
form colonies, they are alive and maintain the biological processes that are required to sustain life. VBNC bacteria have intact 
cell membranes and undergo protein synthesis and respiration [2, 24]. Previous studies have demonstrated that a broad range of 
pathogenic bacteria can enter the VBNC state. For instance, the VBNC states of human pathogens, such as Klebsiella pneumoniae, 
Enterobacter aerogenes, Streptococcus faecalis, and Micrococcus flavus, have been observed in drinking water [3]. In a previous 
study, Cook et al. confirmed that Campylobacter jejuni and Escherichia coli enter the VBNC state during unfavorable conditions 
[4]. The VBNC state of the hemorrhagic E. coli O157:H7 EHEC has also been reported [5]. Current microbiological detection 
is primarily based on colony formation on enriched agar. However, VBNC bacteria are unculturable and can escape detection, 
making them potentially virulent once the environment turns favorable [17]. Several previous studies have specifically investigated 
food-borne pathogens in the VBNC state, particularly within the genus Salmonella.

The VBNC state of Salmonella enterica serovar Enteritidis was first described by Roszak et al [18] in 1984 and was followed by 
similar observations in S. Typhimurium by Turpin et al [21]. In 1999, a severe food poisoning outbreak occurred in Japan, which 
resulted in over 1,500 patients being hospitalized, along with further diffuse outbreaks nationwide. The outbreak was confirmed 
to be primarily caused by undetected Salmonella serotype Oranienburg that contaminated dried squid products and eventually 
proliferated exponentially upon entry into the human body [19]. Thus, there is an urgent need for alternative methods for the 
detection of VBNC Salmonella. Systematic evolution of ligands by exponential enrichment (SELEX) was previously introduced as 
a method of detecting VBNC Salmonella [12]. However, a single round of detection via SELEX is relatively laborious. Additional 
methods that rely on the detection of distinct biomarkers can simplify the process and reduce the costs for VBNC screening.
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When the bacterial envelope is subjected to stressors, membrane vesicles are formed to relieve the physical pressure [13] in a 
process similar to the induction of the VBNC state. In the present study, we focused on the membrane protein PagC, one of the 
protein components of membrane vesicles that are released by Salmonella cells as an essential defense mechanism [11, 22]. PagC 
was originally named PhoPQ-activated gene [8] and functions by upregulating the expression of more than 40 genes required for 
virulence. In addition, PagC is involved in the biological activities of S. Enteritidis under unfavorable conditions, including growth 
under low Mg2+ concentrations, and mediates resistance to antimicrobial peptides, bile salts and acidic pH [6, 7, 20, 23]. PagC 
has been reported to be upregulated under stressful conditions, such as low pH or low Mg2+ concentrations [22]. PagC is involved 
in the intracellular survival of Salmonella inside macrophages by inhibiting bacterial cell division and prolonging the cell cycle 
[11]. This suggests that PagC acts by inducing Salmonella cells to eventually enter VBNC state under unfavorable environmental 
conditions. We therefore examined the protein expression of PagC in response to H2O2 treatment as previously reported by 
Morishige et al. [9]. Our results showed that although different Salmonella strains had similar PagC expression levels, PagC is 
significantly overexpressed in the VBNC state, thereby highlighting the practical value of PagC as a biomarker for the detection of 
VBNC in Salmonella.

MATERIALS AND METHODS

Bacterial strains, media, and chemicals
S. Enteritidis zSE1 and S. Typhimurium st1wt [10] were used in this study. Both Salmonella are wild-type strains and are 

genetically intact. Strains were cultured in Trypto-Soya Broth (TSB) (Nissui Chemicals, Tokyo, Japan) adjusted to pH 7.3 at 37°C. 
Bacteria were treated with H2O2 (Wako Pure Chemicals, Osaka, Japan) to chemically induce the VBNC state.

Artificial induction of the VBNC state
To identify potential biomarkers for detecting VBNC Salmonella, cells were induced to the VBNC state. H2O2 was selected as 

the chemical inducer because of its short induction period of several hours and high effectiveness as a stress factor [14]. Salmonella 
cells were grown in TSB at 37°C until reaching the early stationary phase. Cell cultures were diluted to 106 cfu/ml. Next, 1 ml of 
diluted culture was washed twice with phosphate-buffered saline (PBS) via centrifugation (15,000 × g) at room temperature (20°C) 
for 5 min. Cells were resuspended in 1 ml of TSB. TSB (9 ml) containing 3 mM H2O2 was added to the suspension to obtain a final 
volume of 10 ml. The resulting mixture was cultivated at 37°C with shaking at 120 strokes per min. Samples were collected and 
washed as described above every 20 min for subsequent cultivation on agar plates. Colony counting was performed the next day.

Assessment of H2O2 induction via viability testing
Viability testing of VBNC-induced Salmonella cells was performed using Bacterial Viability Kits (Thermo Fisher Scientific, 

Waltham, MA, U.S.A.) according to the manufacturer’s protocol. Briefly, after 2 hr of induction in the H2O2 medium, Salmonella 
cells were collected by centrifugation (10,000 × g, 15 min, room temperature) and washed twice with 0.85% NaCl solution. Cells 
were then stained with SYTO9 and propidium iodide according to the manufacturer’s instructions. After 15 min of incubation in 
the dark at room temperature, cell viability was assessed using a fluorescent microscope (FSX100, Olympus, Tokyo, Japan).

Confirmation of PagC release from VBNC Salmonella cells
Immunoblotting was performed to examine PagC expression in VBNC Salmonella cells. Samples were prepared via 

centrifugation of the VBNC cultures (3,000 × g, 15 min, RT), washing with PBS, and resuspension with PBS. Normally cultured 
cells were prepared following the same procedure as that of the control samples. Protein samples collected from the culture 
supernatant were confirmed via SDS-polyacrylamide gel electrophoresis using the appropriate molecular size markers. Samples 
were loaded onto polyacrylamide gels and blotted onto PVDF membranes (EMD Millipore, Burlington, MA, U.S.A.). Next, 
membranes were incubated with anti-PagC rabbit antibodies, which were generated from the previous study of Yamamoto et al. [6]. 
Briefly, purified PagC fusion proteins were eluted with an imidazole step gradient. Aliquots of the peak fraction were then dialyzed 
against dialysis buffer [10 mM PBS, 8 M urea (pH 7.4)] and used to immunize rabbits. Anti-rabbit IgG antibodies [horseradish 
peroxidase (HRP)-conjugated] (Santa Cruz Biotechnology Inc., Paso Robles, CA, U.S.A.) were used to determine the PagC protein 
levels. Immunoblotting results were evaluated with a luminol-based chemiluminescence (Nacalai Tesque, Kyoto, Japan) assay.

RESULTS

Bacterial colony formation after H2O2 treatment
We performed colony counting on agar plates to assess the colony formation abilities of S. Enteritidis and S. Typhimurium in 

response to H2O2 treatment. Both strains showed a descending streak of colony formation over time after treatment with H2O2. No 
colonies were formed after 2 hr of H2O2 treatment (Fig. 1).

Viability testing
Both Salmonella strains were unable to form colonies after H2O2 treatment. However, these results could be caused by cell 

death. To verify that the lack of colony formation is caused by induction of the VBNC state, we conducted viability testing via 
fluorescent staining. Propidium iodide can only diffuse across damaged cell membranes, whereas SYTO9 can enter both intact and 
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damaged cell membranes. Results showed that cells treated with 70% isopropanol were red in color (Fig. 2a), which indicated the 
presence of dead cells (negative control). By contrast, untreated living cells were used as positive control, appeared green (Fig. 
2b). Cells collected after 2 hr of H2O2 treatment showed the same greenish (Fig. 2c) color as those of living cells. These results 
indicated that H2O2-treated cells were still alive but were incapable of forming colonies.

Morphology of Salmonella cells in the VBNC state
Salmonella cells in the VBNC state were observed using a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan). 

In contrast to untreated normal cells (Fig. 3a), cells subjected to 24 hr of VBNC induction released numerous membrane vesicles 
(Fig. 3b), which is known as a survival mechanism of bacterial cells subjected to certain stressors like H2O2. These results were 
consistent with a previous study that used H2O2 as a stress factor [14].

Immunoblotting
PagC expression following VBNC induction was examined by immunoblotting (Fig. 4). PagC expression in S. Enteritidis 

cells did not significantly change within 24 hr, although the initial PagC levels were slightly higher (Fig. 4a). By contrast, 
PagC expression was significantly upregulated in S. Typhimurium after several hours of VBNC induction and further increased 
substantially within 24 hr (Fig. 4b). PagC levels in S. Enteritidis were similar level between days 0 and 3 but increased on day 7 
(Fig. 4c). PagC expression steadily increased when the sampling period was prolonged for up to 7 days (Fig. 4c). Despite minor 
differences in expression, both strains released considerable amounts of PagC in the VBNC state. Experiments were performed in 
triplicate and showed consistent results.

Fig. 1.	 Relative culturability of Salmonella in agar plates after H2O2 treatment. Both S. Enteritidis (square) and S. Typhimurium (triangle) showed 
decrease on colony number. The experiment was performed in triplicate. Vertical lines denote the standard deviation.

Fig. 2.	 Viability testing of VBNC S. Enteritidis. (a) Cells killed with 70% isopropanol appear red in color; (b) Untreated live cells appear green; 
(c) Cells treated with H2O2 for 2 hr also appear green.
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DISCUSSION

Bacteria in the VBNC state are physiologically inactive but retain their virulent properties and could be resuscitated by 
passing through a host animal including humans [1], thereby demonstrating that VBNC bacteria are potentially pathogenic. Many 
commercial decontamination treatments in food production cannot eliminate and even induce bacteria to enter the VBNC state. For 
example, freezer pasteurization of fruit juice was found to induce the VBNC state in S. Typhimurium and E. coli O157:H7 [15]. In 
addition, lack of proper detection methods further increases the risk of exposure to contaminated food products. Hence, there is an 
urgent need to develop reliable methods to assess VBNC bacteria and their viability.

PagC is a component of membrane vesicles and acts by inhibiting the proliferation of Salmonella within macrophages [14]. In 
the present study, focused on the well-known bacterial pathogen Salmonella, which causes food-borne gastroenteritis in humans. 

Fig. 3.	 Morphologies of Salmonella cells. (a) Normal S. Enteritidis cells; (b) VBNC cells induced with H2O2 for 24 hr.

Fig. 4.	 PagC expression was assessed by immunoblotting. PagC samples were collected from (a) S. Enteritidis and (b) S. Typhimurium after 24 
hr. PagC expression in S. Typhimurium increased over time, whereas PagC levels in S. Enteritidis did not change. (c) S. Enteritidis showed PagC 
upregulation over time for 7 days. Experiments were performed in triplicate and showed consistent results.
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Microscopic observations confirmed the release of membrane vesicles during the H2O2-induced VBNC state (Fig. 3), which is 
known as a survival strategy of Salmonella when subjected to environmental stress, and is accompanied by PagC expression. 
Interestingly, increase in PagC expression in S. Typhimurium st1wt was considerably faster than that observed in S. Enteritidis 
zSE1, which could serve as a basis for distinguishing Salmonella pathogens at the species level. Our study is the first to report the 
association between PagC protein and the VBNC state in Salmonella. Thus, we propose the use of PagC as a biomarker for the 
rapid detection of VBNC Salmonella during food production.

ACKNOWLEDGMENT. This research was supported by a grant from the Kieikai Research Foundation to Emiko Isogai.

REFERENCES

	 1.	 Baffone, W., Citterio, B., Vittoria, E., Casaroli, A., Campana, R., Falzano, L. and Donelli, G. 2003. Retention of virulence in viable but non-
culturable halophilic Vibrio spp. Int. J. Food Microbiol. 89: 31–39. [Medline]  [CrossRef]

	 2.	 Besnard, V., Federighi, M., Declerq, E., Jugiau, F. and Cappelier, J. M. 2002. Environmental and physico-chemical factors induce VBNC state in 
Listeria monocytogenes. Vet. Res. 33: 359–370. [Medline]  [CrossRef]

	 3.	 Byrd, J. J., Xu, H. S. and Colwell, R. R. 1991. Viable but nonculturable bacteria in drinking water. Appl. Environ. Microbiol. 57: 875–878. 
[Medline]

	 4.	 Cook, K. L. and Bolster, C. H. 2007. Survival of Campylobacter jejuni and Escherichia coli in groundwater during prolonged starvation at low 
temperatures. J. Appl. Microbiol. 103: 573–583. [Medline]  [CrossRef]

	 5.	 Dinu, L. D. and Bach, S. 2013. Detection of viable but non-culturable Escherichia coli O157: H7 from vegetable samples using quantitative PCR 
with propidium monoazide and immunological assays. Food Contr. 31: 268–273.  [CrossRef]

	 6.	 Groisman, E. A., Kayser, J. and Soncini, F. C. 1997. Regulation of polymyxin resistance and adaptation to low-Mg2+ environments. J. Bacteriol. 
179: 7040–7045. [Medline]  [CrossRef]

	 7.	 Groisman, E. A. 2001. The pleiotropic two-component regulatory system PhoP-PhoQ. J. Bacteriol. 183: 1835–1842. [Medline]  [CrossRef]
	 8.	 Gunn, J. S., Alpuche-Aranda, C. M., Loomis, W. P., Belden, W. J. and Miller, S. I. 1995. Characterization of the Salmonella typhimurium pagC/

pagD chromosomal region. J. Bacteriol. 177: 5040–5047. [Medline]  [CrossRef]
	 9.	 Heidelberg, J. F., Shahamat, M., Levin, M., Rahman, I., Stelma, G., Grim, C. and Colwell, R. R. 1997. Effect of aerosolization on culturability and 

viability of gram-negative bacteria. Appl. Environ. Microbiol. 63: 3585–3588. [Medline]
	10.	 Isogai, E., Makungu, C., Yabe, J., Sinkala, P., Nambota, A., Isogai, H., Fukushi, H., Silungwe, M., Mubita, C., Syakalima, M., Hang’ombe, B. M., 

Kozaki, S. and Yasuda, J. 2005. Detection of Salmonella invA by isothermal and chimeric primer-initiated amplification of nucleic acids (ICAN) in 
Zambia. Comp. Immunol. Microbiol. Infect. Dis. 28: 363–370. [Medline]  [CrossRef]

	11.	 Kitagawa, R., Takaya, A., Ohya, M., Mizunoe, Y., Takade, A., Yoshida, S., Isogai, E. and Yamamoto, T. 2010. Biogenesis of Salmonella enterica 
serovar typhimurium membrane vesicles provoked by induction of PagC. J. Bacteriol. 192: 5645–5656. [Medline]  [CrossRef]

	12.	 Labib, M., Zamay, A. S., Kolovskaya, O. S., Reshetneva, I. T., Zamay, G. S., Kibbee, R. J., Sattar, S. A., Zamay, T. N. and Berezovski, M. V. 2012. 
Aptamer-based viability impedimetric sensor for bacteria. Anal. Chem. 84: 8966–8969. [Medline]  [CrossRef]

	13.	 McBroom, A. J. and Kuehn, M. J. 2007. Release of outer membrane vesicles by Gram-negative bacteria is a novel envelope stress response. Mol. 
Microbiol. 63: 545–558. [Medline]  [CrossRef]

	14.	 Morishige, Y., Fujimori, K. and Amano, F. 2013. Differential resuscitative effect of pyruvate and its analogues on VBNC (viable but non-culturable) 
Salmonella. Microbes Environ. 28: 180–186. [Medline]  [CrossRef]

	15.	 Nicolò, M. S., Gioffrè, A., Carnazza, S., Platania, G., Silvestro, I. D. and Guglielmino, S. P. P. 2011. Viable but nonculturable state of foodborne 
pathogens in grapefruit juice: a study of laboratory. Foodborne Pathog. Dis. 8: 11–17. [Medline]  [CrossRef]

	16.	 Oliver, J. D. 2005. The viable but nonculturable state in bacteria. J. Microbiol. 43: 93–100. [Medline]
	17.	 Rahman, I., Shahamat, M., Chowdhury, M. A. and Colwell, R. R. 1996. Potential virulence of viable but nonculturable Shigella dysenteriae type 1. 

Appl. Environ. Microbiol. 62: 115–120. [Medline]
	18.	 Roszak, D. B., Grimes, D. J. and Colwell, R. R. 1984. Viable but nonrecoverable stage of Salmonella enteritidis in aquatic systems. Can. J. 

Microbiol. 30: 334–338. [Medline]  [CrossRef]
	19.	 Saito, A., Otsuka, K., Hamada, Y., Ono, K. and Masaki, H. 2000. Effects of temperature, pH and sodium chloride concentration on the growth of 

Salmonella Oranienburg and Salmonella Chester isolated from dried squid and behaviors of those strains in the dried squid. Jpn. J. Food Microbiol. 
17: 11–17.  [CrossRef]

	20.	 Soncini, F. C. and Groisman, E. A. 1996. Two-component regulatory systems can interact to process multiple environmental signals. J. Bacteriol. 
178: 6796–6801. [Medline]  [CrossRef]

	21.	 Turpin, P. E., Maycroft, K. A., Rowlands, C. L. and Wellington, E. M. 1993. Viable but non-culturable salmonellas in soil. J. Appl. Bacteriol. 74: 
421–427. [Medline]  [CrossRef]

	22.	 Tang, Y. T., Gao, R., Havranek, J. J., Groisman, E. A., Stock, A. M. and Marshall, G. R. 2012. Inhibition of bacterial virulence: drug-like molecules 
targeting the Salmonella enterica PhoP response regulator. Chem. Biol. Drug Des. 79: 1007–1017. [Medline]  [CrossRef]

	23.	 van Velkinburgh, J. C. and Gunn, J. S. 1999. PhoP-PhoQ-regulated loci are required for enhanced bile resistance in Salmonella spp. Infect. Immun. 
67: 1614–1622. [Medline]

	24.	 Zeng, B., Zhao, G., Cao, X., Yang, Z., Wang, C. and Hou, L. 2013. Formation and resuscitation of viable but nonculturable Salmonella typhi. 
Biomed. Res. Int. 2013: 907170. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/14580971?dopt=Abstract
http://dx.doi.org/10.1016/S0168-1605(03)00102-8
http://www.ncbi.nlm.nih.gov/pubmed/12199363?dopt=Abstract
http://dx.doi.org/10.1051/vetres:2002022
http://www.ncbi.nlm.nih.gov/pubmed/2039237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17714390?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2672.2006.03285.x
http://dx.doi.org/10.1016/j.foodcont.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/9371451?dopt=Abstract
http://dx.doi.org/10.1128/jb.179.22.7040-7045.1997
http://www.ncbi.nlm.nih.gov/pubmed/11222580?dopt=Abstract
http://dx.doi.org/10.1128/JB.183.6.1835-1842.2001
http://www.ncbi.nlm.nih.gov/pubmed/7665482?dopt=Abstract
http://dx.doi.org/10.1128/jb.177.17.5040-5047.1995
http://www.ncbi.nlm.nih.gov/pubmed/9293010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16293310?dopt=Abstract
http://dx.doi.org/10.1016/j.cimid.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20802043?dopt=Abstract
http://dx.doi.org/10.1128/JB.00590-10
http://www.ncbi.nlm.nih.gov/pubmed/23075417?dopt=Abstract
http://dx.doi.org/10.1021/ac302902s
http://www.ncbi.nlm.nih.gov/pubmed/17163978?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2958.2006.05522.x
http://www.ncbi.nlm.nih.gov/pubmed/23595023?dopt=Abstract
http://dx.doi.org/10.1264/jsme2.ME12174
http://www.ncbi.nlm.nih.gov/pubmed/20932087?dopt=Abstract
http://dx.doi.org/10.1089/fpd.2009.0491
http://www.ncbi.nlm.nih.gov/pubmed/15765062?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8572688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6372975?dopt=Abstract
http://dx.doi.org/10.1139/m84-049
http://dx.doi.org/10.5803/jsfm.17.11
http://www.ncbi.nlm.nih.gov/pubmed/8955299?dopt=Abstract
http://dx.doi.org/10.1128/jb.178.23.6796-6801.1996
http://www.ncbi.nlm.nih.gov/pubmed/8486550?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2672.1993.tb05149.x
http://www.ncbi.nlm.nih.gov/pubmed/22339993?dopt=Abstract
http://dx.doi.org/10.1111/j.1747-0285.2012.01362.x
http://www.ncbi.nlm.nih.gov/pubmed/10084994?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23509799?dopt=Abstract
http://dx.doi.org/10.1155/2013/907170

