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The viable but non-cultivable (VBNC) state and persister cells, two dormancy phenomena in bacteria, differ in various aspects. The entry of bacteria into the VBNC state as a survival strategy under stressful conditions has gained increasing attention in recent years, largely due to the higher tolerance of VBNC cells to antibiotics and antimicrobials resulting from their low metabolic activity. The oral cavity favors biofilm growth in dental hard tissues, resulting in tooth decay and periodontitis. Despite advances in VBNC state detection in the food industry and environment, the entry capability of oral bacteria into the VBNC state remains poorly documented. Furthermore, the VBNC state has recently been observed in oral pathogens, including Porphyromonas gingivalis, which shows potential relevance in chronic systemic infections, Enterococcus faecalis, an important taxon in endodontic infections, and Helicobacter pylori, which exhibits transient presence in the oral cavity. Further research could create opportunities to develop novel therapeutic strategies to control oral pathogens. The inability of conventional culture-based methods to identify VBNC bacteria and the metabolic reactivation of dormant cells to restore susceptibility to therapies highlights a notable gap in anti-VBNC state strategies. The lack of targeted approaches tested for efficacy against VBNC bacteria underscores the need to develop novel detection methods. This review discusses the VBNC state, its importance in public health, and diagnostic techniques, with a special focus on the VBNC state in oral bacteria.
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1 Introduction

The human body harbors approximately 3.8 × 1013 bacteria, a number comparable to the estimated 3.0 × 1013 human cells (Sender et al., 2016). Understanding microbial communities, their individual members, and interactions with host cells is crucial for clinical research and healthcare. However, this understanding is heavily influenced by the analytical and detection methods used, both clinically and in vitro. Many bacteria have long eluded examinations due to their inability to be cultivated and studied in traditional laboratory settings (Wade, 2002). Advances in nucleotide sequencing technologies for DNA and RNA analyses have revolutionized the study of non-cultivable microbial strains, uncovering that these previously inaccessible microbes represent the vast majority of microbial life (Kumar et al., 2021). In clinical settings, bacteria can adopt states that enable them to remain viable and pathogenic within the host organism while becoming non-cultivable in laboratory conditions (Stewart, 2012). These phenomena pose marked challenges for the accurate diagnosis and development of effective antibacterial strategies (Fleischmann et al., 2021). The bacterial stress response is closely linked to a markedly reduced growth rate and susceptibility to antibiotics, contributing to increased dormancy in biofilms. Certain bacterial cells evade antibiotic effects by entering a dormant state, a key adaptive strategy that allows survival under adverse conditions. Dormancy enables bacteria to maintain low metabolic activity and minimal or no growth while retaining the ability to resume division when conditions become favorable (Wood et al., 2013). Bacterial dormancy states, including the viable but non-cultivable (VBNC) state and bacterial persisters, represent highly stress-tolerant physiological adaptations that have been extensively studied (Ayrapetyan et al., 2018). Environmental stresses considerably enhance bacterial tolerance within biofilms compared to planktonic cells. This stress-induced tolerance creates heterogeneity in the population, leading to the emergence of antibiotic-tolerant cells, including VBNC and persister cells. These cells markedly contribute to antimicrobial treatment failures and infection persistence (Stewart and Franklin, 2008; Nguyen et al., 2011). While persister and VBNC state cells are stress-induced survival subpopulations that are alive, metabolically active, but not actively replicating (Bao et al., 2023), they differ in key ways. Few studies have explored these differences, largely due to the difficulty in distinguishing between the VBNC state and persister states under coexistence. Ayrapetyan et al. hypothesized that VBNC cells and persisters form part of a dormancy continuum, where active cells under stress transition into persisters, which may further develop into VBNC state cells (Ayrapetyan et al., 2015a). To test this, they compared the ability of persister and log-phase Vibrio vulnificus cells to enter the VBNC state (Ayrapetyan et al., 2015b). Log-phase cells took 7–10 days at 4°C to enter the VBNC state, with only 1%–10% resuscitating upon temperature increase. In contrast, persister cells isolated through antibiotic treatment transitioned into the VBNC state faster (4–5 days). This suggests that persisters are more efficient at becoming VBNC, potentially due to stress from prior antibiotic exposure or the lower initial cell numbers after treatment. This hypothesis corroborates Oerman and Brynildsen’s findings, which showed that an abundant aggregation of VBNC state cells was accompanied by the presence of a small number of persister cells (Orman and Brynildsen, 2013). Therefore, bacterial pathogen dormancy enables resistance to antimicrobial strategies and environmental stress, potentially leading to reinfection or persistent infection in clinical settings (Li et al., 2014).

A biofilm is a structured microbial community encased in a self-produced extracellular matrix that protects microbes against adverse conditions, such as pH fluctuations, nutrient deprivation, immune defenses, and antimicrobial agents (Karygianni et al., 2020; Jakubovics et al., 2021). In the oral cavity, nutrient-rich environments allow bacteria to colonize surfaces such as teeth, soft tissues, dental implants, and restorative materials, with salivary pellicle proteins facilitating initial adhesion, microbial growth, and biofilm formation (Costa et al., 2023). These biofilms contribute to dental caries, periodontal diseases, and tooth loss (Ray and Pattnaik, 2024). Therefore, they are challenging to treat due to enhanced co-aggregation, microbial interactions, and resistance to antimicrobial agents and host defense (Hajishengallis et al., 2011; Bowen et al., 2018). The ability of oral bacteria to enter the VBNC state opens a new dimension to the persistence and resilience of oral biofilms, further complicating their management and contributing to chronic oral infections. While the ability of oral bacteria to enter the VBNC state remains underexplored, recent studies confirm that pathogens like P. gingivalis, E. faecalis, and H. pylori can adopt this state, revealing an additional survival mechanism. This review article aims to comprehensively analyze the existing literature on the VBNC state of bacteria, with a focus on oral pathogens such as P. gingivalis, E. faecalis, and transient H. pylori. The study of VBNC bacteria is crucial, as they can evade conventional detection and antimicrobial treatments by entering a dormant state. This review explores the mechanisms of entering and resuscitating from the VBNC state, clinical implications, conventional and novel detection methods, and potential therapeutic strategies. Understanding the role of the VBNC state in oral pathogens will contribute to developing novel approaches for managing oral diseases and improving patient outcomes.




2 VBNC state in bacteria

Many bacteria readily enter a temporal state of dormancy, known as the VBNC state, to manage environmental stress. The concept of a critical population of non-cultivable cells was first described in 1982 by Xu and Colwell et al (Xu et al., 1982). As the timeline shows in Figure 1, the term “viable but non-cultivable” (VBNC) was introduced in 1984 (Colwell et al., 1985). Then, the key theories on VBNC state formation emerged in 1994 (Ravel et al., 1994) and 2003 (Desnues et al., 2003), and Divol et al. identified the VBNC state in fungal species for the first time (Divol and Lonvaud-Funel, 2005). Research continues to advance the understanding of VBNC states across food, environmental, and clinical settings, especially VBNC cells from persister cells (Ayrapetyan et al., 2015b; Schottroff et al., 2018). The VBNC state in bacteria is typically defined by two key features: decelerated growth rate and reduced metabolic activity (Wagley et al., 2021). However, this dormant condition is not permanent, and when the environmental stress that induces the VBNC state is removed, these bacteria populations can regain their full metabolic capacity (Lennon and Jones, 2011; Ayrapetyan et al., 2014). VBNC cells are also known as “active but non-cultivable cells” (ABNC), “conditionally viable environmental cells” (CVEC), “nongrowing but metabolically active” (NGMA) (Manina and McKinney, 2013), and “viable but apparently non-cultivable” (VPNC) (Nelson et al., 2008; Kamruzzaman et al., 2010; Deng et al., 2015; Dolezalova and Lukes, 2015). Currently, VBNC state cells are defined as non-cultivable microbial cells with the potential to revert to a growth state and proliferate in a growth medium. Despite reduced metabolic activity, they retain membrane integrity, and translational dynamics remain active (Ayrapetyan et al., 2014; Ayrapetyan et al., 2015b; Ayrapetyan and Oliver, 2016). In addition to lower metabolic activity, VBNC state cells undergo many changes in proteins, fatty acid levels, and peptidoglycan structure. For example, the E. faecalis VBNC state showed higher levels of peptidoglycan crosslinking than cultivable E. faecalis (Signoretto et al., 2000). In addition, alterations in outer membrane protein (Omp) levels have been observed in E. coli during the VBNC state (Muela et al., 2008), with Omp W showing a marked increase in this state (Asakura et al., 2008). V. vulnificus exhibited increased levels and structural changes in unsaturated fatty acids upon transitioning to the VBNC state, including a notable shift toward fatty acids with fewer than 16 carbon atoms and elevated levels of octadecanoic and hexadecanoic acids (Day and Oliver, 2004). Comparing VBNC cells to their cultivable counterparts reveals varying gene expression profiles. For instance, Vibrio cholerae was found to upregulate genes associated with regulatory functions, cellular processes, energy metabolism, transport, and binding activity more than fivefold (Asakura et al., 2007). In addition, increased expression of VBNC state genes associated with metabolism, cell cycle regulation, regulatory processes, and binding ability was observed. However, Cheng et al.’s investigation showed that, compared with cultivable cells, VBNC state cells had downregulated transcription levels of genes linked to adhesion, invasion, motility, and tolerance to toxic environmental stress (Guo et al., 2023). The strong capacity for resilience to varying stress situations is demonstrated by VBNC state cells owing to the aforementioned physiological and regulatory alterations (Progulske-Fox et al., 2022). Identifying dormant cells is crucial for public health, as their slow-growing nature prevents detection by culture-based strategies while allowing them to maintain virulence during dormancy (Baffone et al., 2003; Baffone et al., 2006; Oliver, 2010).




Figure 1 | VBNC state timeline based on the literature.






3 VBNC state formation theories

Gene regulation (Ravel et al., 1994) and cell recession (Desnues et al., 2003) are two primary theories proposed to explain the mechanism underlying bacterial VBNC state development. The latter suggests that adverse environmental conditions, such as oxidative stress, can prevent bacterial growth, leading to VBNC state formation (Marinelli et al., 2017), whereas the former suggests that bacteria incapable of producing spores utilize genetic regulatory mechanisms to enter the VBNC state as a survival strategy. This theory has led to the identification of various genes and proteins involved in initiating and controlling the VBNC state, highlighting its genetic basis (Roszak and Colwell, 1987; Zhao et al., 2017). Ravel et al. published the first report on the genetic control of VBNC formation in V. cholerae, describing it as a genetically programmed survival mechanism triggered by adverse conditions, such as low temperatures and reduced nutrient availability. Using transposon mutagenesis, over 2,500 mutants were screened, and mutant JR09H1 showed a faster entry into the VBNC state at 4°C, becoming non-cultivable after 13 days, compared to the wild type, which remained cultivable for 27 days. This research advanced the understanding of the genetic mechanisms controlling the VBNC state (Oliver et al., 2005).

So far, VBNC states have been described in Aeromonas hydrophila, Aeromonas salmonicida, Agrobacterium tumefaciens, Burkholderia cepacia and Burkholderia pseudomallei, Campylobacter coli, Campylobacter Jejuni, Campylobacter Lari, Cytophaga allerginae, Enterobacter aerogenes, Enterobacter cloacae), Enterococcus faecalis, Enterococcus hirae, Enterococcus faecium), Erwinia amylovora, Escherichia coli (EHEC), Francisella tularensis, Helicobacter pylori, Klebsiella aerogenes, Klebsiella pneumoniae, Klebsiella planticola, Legionella pneumophila, Listeria monocytogenes, Micrococcus luteus, Mycobacterium tuberculosis, Mycobacterium smegmatis, Pasteurella piscicida, Pseudomonas aeruginosa, Pseudomonas syringae, Pseudomonas putida), Rhizobium leguminosarum, Rhizobium meliloti, Salmonella enterica, Ssalmonella Typhi, Salmonella Typhimurium, Serratia marcescens, Shigella dysenteriae, Shigella flexneri, Shigella sonnei), Vibrio alginolyticus, Vibrio anguillarum, Vibrio campbellii, V. cholerae, Vibrio harveyi, Vibrio mimicus, Vibrio parahaemolyticus, Vibrio shiloi, Vibrio vulnificus), Xanthomonas spp. and Yersinia spp (Oliver, 2005; Oliver, 2010; Pazos-Rojas et al., 2019; Pazos-Rojas et al., 2023).

The VBNC state represents an adaptive survival strategy, typically triggered by stress factors such as temperature changes, antibiotic pressure, starvation, exposure to heavy metals, variations in oxygen concentrations, osmotic stress, deviations from the ideal pH range (such as during the stationary growth phase), lysosome activity, and ATP availability, which determines whether the organism enters the VBNC state. These factors allow bacteria to survive in harsh, nutrient-poor conditions where they are no longer detectable (Cunningham et al., 2009; del Campo et al., 2009; Li et al., 2014; Kortebi et al., 2017; İzgördü Ö et al., 2022).

A transcriptome analysis by Yang et al. revealed that genes involved in ATP production were significantly downregulated in cells exposed to stress treatments. ATP measurements further confirmed a marked decrease in ATP levels following exposure to heat, acidity, and long-term pre-adaptation cultivation. These results suggest that the environmental stress-induced reduction in ATP levels plays a key role in triggering VBNC state formation in E. coli (Yang et al., 2023). Similarly, Yersinia pestis became non-cultivable after 21 days in low-temperature tap water, exhibiting a significant reduction by 6 log10 steps in cultivable cells. Chlorination can also trigger VBNC state induction in E. coli and Salmonella typhimurium (Oliver et al., 2005; Pawlowski et al., 2011). Culture supernatants from the amoebae Hartmannella vermiformis and Acanthamoeba polyphaga revealed that H. vermiformis significantly inhibited the growth of Legionella pneumophila, reducing its cultivability by 3 log10 steps colony-forming units (CFU/mL) after 3 days of exposure. The extracellular polar signaling inhibitory molecules in H. vermiformis were primarily found in the <5 kDa fraction and appeared to be polar (Buse et al., 2013).




4 Parameters for assessing bacteria in the VBNC state and distinguishing from persister cells

Metabolic activity levels can be used to distinguish VBNC cells from other dormant or dead cells. VBNC cells retain measurable metabolic activity, whereas persister cells display a minimal level and often remain undetectable (Oliver, 2010; Fakruddin et al., 2013). These cells are typically isolated by exposing a growing bacterial culture to a lethal dose of antibiotics (Ayrapetyan et al., 2018). Chronic wound infections are often associated with biofilms, which serve as both a physical barrier and a protective niche for bacterial populations including persister cells. These cells contribute to antibiotic tolerance by limiting antibiotic penetration into biofilms, along with reduced metabolic activity and slower bacterial growth (Poole, 2012). Golmoradi Zadeh et al. identified the type II toxin-antitoxin (TA) system, RelBE/RelE, in P. aeruginosa and demonstrated its role in influencing persister cell formation within biofilms (Zadeh et al., 2022). The study showed significant differences in TA system expression between the exponential and stationary growth phases, with stationary-phase biofilms exhibiting higher levels of persister cell formation when exposed to ciprofloxacin and colistin. These findings highlight the clinical challenges posed by persisters, particularly in chronic infections dominated by biofilms and stationary-phase bacterial populations. Unlike VBNC bacteria, persister cells retain the immediate ability to regrow and cause recurrent infections following antibiotic treatment (Dawson et al., 2011). After the removal of antibiotic stress, persister cells typically regrow on nutrient media after a brief lag period, whereas VBNC cells do not grow immediately upon stressor removal, such as extreme temperatures (cold at 4°C or heat at 42°C), antibiotics, hypoxia, salinity, pH fluctuations, starvation, desiccation, or anaerobiosis (Ayrapetyan et al., 2015a; König et al., 2023). Some species of VBNC bacteria require specific treatments and longer periods for resuscitation after stress is removed. This is due to the time needed to repair essential proteins, restore TA ratios, and regain metabolic competence (Li et al., 2014). In vitro studies have used gradient centrifugation to distinguish between low- and high-density populations following heat shock treatment (Bruhn-Olszewska et al., 2018). The low-density population, typical of VBNC cells, requires much more time to resuscitate and regain its ability to grow on media. In contrast, the high-density population corresponds to persister cells, which can immediately resume growth upon transfer to the Luria broth (LB) medium, indicating their ability to recognize favorable conditions and resume growth. The depth of dormancy in VBNC cells and the time required for resuscitation are also influenced and regulated by the balance of free toxins within the cell (Andryukov et al., 2019). For instance, the high expression of antitoxins prevents cells from entering the VBNC state, while toxins such as RelE, ChpAK, and HipA in E. coli contribute to VBNC cell formation (Korch and Hill, 2006; Rotem et al., 2010).

The infectivity of the VBNC state remains an area of active research and debate (König et al., 2023). Some studies suggest it can be a transient phase, where bacteria later become cultivable and infective again, while others propose that it could represent a more persistent and dangerous reservoir for infection. Bacteria in the VBNC state can retain virulence, resistance to drugs, or multidrug treatments, making them potentially harmful to hosts (Ramamurthy et al., 2014). Therefore, VBNC cells differ from persisters in their measurable metabolic activity and prolonged resuscitation requirements, often requiring specific conditions to regain growth. The TA system plays a key role in regulating VBNC dormancy and recovery. VBNC cells pose notable challenges in public health due to their potential for antibiotic resistance and virulence and for causing chronic infections.




5 Resuscitation in the VBNC state

Under ideal conditions and after specific treatments, VBNC cells can revert to an active, cultivable state, a process known as “resuscitation.” (Bao et al., 2023). This term was first used to describe the recovery of non-cultivable Salmonella enteritidis cells following the addition of heart infusion broth. Baffone et al. further defined it as the reversal of the metabolic and physiological changes that characterize VBNC cells (Baffone et al., 2006). VBNC state cells pose hidden risks to public health, especially in food and waterborne diseases, making it crucial to understand their resuscitation process. Most VBNC-related studies have focused on the formation mechanism, while research on resuscitation mechanisms is limited. Resuscitation varies throughout bacterial species. For instance, the resuscitation of VBNC S. typhimurium cells varies based on the induction method, strain type, and environmental conditions. S. typhimurium could be resuscitated into cultivable cells only when administered orally, suggesting that the intestinal environment plays a key role in this process. However, Habimana et al. showed that the same strain failed to resuscitate after passing through the gastrointestinal tract (Habimana et al., 2014). Differences in strain types, animal characteristics, and the specific conditions that induce the VBNC state may contribute to these contrasting results. Understanding these variations requires further research to clarify the mechanisms influencing the resuscitation and pathogenic potential of VBNC cells. The resuscitation window in bacteria in the VBNC state differs significantly between species. While the time required to induce bacteria to enter the VBNC state varied and ranged from 5 min to 10 days (Mizunoe et al., 2000; Sun et al., 2008; Dinu and Bach, 2011; Ramamurthy et al., 2014; Robben et al., 2018; Wei and Zhao, 2018; Kan et al., 2019; Hamabata et al., 2021), Li et al. indicated that the duration of the resuscitation window may last from 3 days over months to 11 years (Li et al., 2014). Resuscitation can be driven by factors such as resuscitation-promoting factors (Rpfs), quorum sensing (QS), pyruvate sensing, ideal temperature, as well as various chemical agents such as Tween 20, Tween 80, NaCl, amino acids, vitamins, autoinducers, and antioxidizing compounds (Jia et al., 2020; İzgördü Ö et al., 2022; Pan and Ren, 2022).

The discovery and application of Rpf is a key advancement in VBNC cell resuscitation. Rpf is a muralytic enzyme found in high G+C gram-positive bacteria, promoting the growth of the VBNC state by breaking down bacterial peptidoglycan. The RpfB protein forms a complex that cleaves peptidoglycan during cell division—this process is essential for VBNC state resuscitation (Mukamolova et al., 2006). QS is a bacterial communication system that depends on cell density-dependent signaling, leading to coordinated changes in gene expression when populations reach a critical density (Abisado et al., 2018). QS involves the production of autoinducers (AI), such as AHL and AI-2, which trigger gene expression changes. This system aids bacterial adaptation to stressful conditions, including resuscitation of VBNC cells. AI-2 also activates antioxidant responses, such as catalase production, helping bacteria survive stress and regain cultivability (Ayrapetyan et al., 2014). Kong et al. linked the resuscitation of Vibrio vulnificus from the VBNC state to reduced catalase activity, which increases susceptibility to reactive oxygen species (Kong et al., 2004). Catalase production is restored during resuscitation, facilitated by the sigma factor RpoS, essential for catalase production (Smith and Oliver, 2006; Coutard et al., 2007; Ayrapetyan et al., 2014). QS inhibitors, such as cinnamaldehyde, can block QS signaling, controlling VBNC state resuscitation. Cinnamaldehyde disrupts QS pathways by inhibiting LuxR, delaying VBNC cell resuscitation (Brackman et al., 2008; Muehler et al., 2020). Sodium pyruvate (SP), an intermediate in glycolysis, plays a key role in the resuscitation of VBNC cells by aiding their growth under oxidative stress from H2O2 (Imazaki and Nakaho, 2009). In E. coli, SP helps cells return to a cultivable state after entering the VBNC state due to starvation at low temperatures. Similarly, P. gingivalis in the VBNC state under oxidative stress can be resuscitated by SP, which restores cultivability and viability (Progulske-Fox et al., 2022). SP serves as both a H2O2-degrading compound and a carbon source, supporting macromolecule biosynthesis and metabolic recovery in VBNC cells (Vilhena et al., 2019). In addition, cold stress can induce the VBNC state in V. cholerae, Vibrio parahaemolyticus, and Vibrio vulnificus, with resuscitation occurring once the stress is removed (Yoon and Lee, 2020). In V. parahaemolyticus, cells grown at 37°C transferred to starvation media at 4°C for 16 days entered the VBNC state, indicated by colony counts dropping below 1 CFU/ml by day 12. Non-cultivable cells resuscitated on agar media with catalase or sodium pyruvate formed colonies after 24 h at 37°C, although effectiveness decreased over time (Mizunoe et al., 2000). In addition to all of the aforementioned factors, most successful methods for resuscitating C. jejuni cells from a VBNC state have involved inoculating animals like chicks, chicken embryos, or suckling mice (Chaveerach et al., 2003; Baffone et al., 2006). However, to avoid animal use, researchers proposed in vivo chicken conditions using an immortal chicken cell line, LMH (Van et al., 2017), which is then used to resuscitate Campylobacter hepaticus VBNC cells (Phung et al., 2022). Resuscitating the VBNC state to an active cultivable state requires specific stimuli, such as temperature adjustments or chemical agents. Resuscitation varies widely among bacterial species in both required conditions and duration, with some taking minutes and others potentially spanning years. Understanding these dynamics is critical for addressing the persistence and reactivation of VBNC bacteria.




6 Significance of the VBNC state in public health



6.1 Medical context

While being frequently studied in the environmental and food industries, microorganisms in the VBNC state have also been observed in medical facilities on occasion due to VBNC state-associated microbial capacity to produce toxic compounds, thereby triggering threats to human health (Liu et al., 2017). The VBNC state has been observed across many bacterial species, explored in both medical and nonmedical contexts, such as food and water. Initial evidence of VBNC pathogenicity was shown using V. cholerae O1 in the rabbit ileal loop assay and was later confirmed in human studies, highlighting the potential public health risks (Amel et al., 2008). Table 1 lists some of these bacterial species. A meta-analysis evaluated the frequency of non-cultivable bacteria in radicular periapical cysts, periapical granulomas, and periapical abscesses and found that VBNC cells most likely exert a major influence on the development and healing of these pathologies (Altaie et al., 2021). Behera et al. analyzed 97 culture-negative postoperative surgical site infection (SSI) samples using molecular tools, identifying bacterial pathogens in 53 using 16S rRNA gene PCR. The pathogens included Bacillus spp., Pseudomonas spp., Enterococcus spp., and other VBNC bacteria, which are slow-growing or hard to cultivate. This study highlights the challenges in detecting bacteria in SSIs that do not grow in conventional cultures due to factors such as antibiotic treatment or biofilm formation (Behera et al., 2021). Similarly, Wawrzyk et al. used high-throughput sequencing following vaporized hydrogen peroxide (VHP) decontamination at 300 ppm for 20 min to identify diverse microorganisms, including Pseudomonas spp., Staphylococcus spp., and Aspergillus spp., in a VBNC state on porous surfaces in an oral surgery clinic. The average concentrations were 8.0 × 10² CFU/m³ for bacteria and 6.3 × 10² CFU/m³ for fungi. Repeated VHP treatments had a minimal impact on the structural or chemical properties of the materials (Wawrzyk et al., 2020). VBNC pathogens can resuscitate in the human body, maintaining their virulence and posing a continued threat to food safety. Recent studies suggest that 80% of illnesses result from unidentified agents, possibly VBNC pathogens (Zhao et al., 2017). Research conducted on pathogenic E. coli and Lactobacillus spp. revealed that virulence genes were continuously expressed, and lactic acids were produced while the cells transitioned into the VBNC state (Liu et al., 2018; Lv et al., 2020). The 2011 E. coli O104:H4 outbreak in Germany highlights the VBNC state, where fenugreek sprouts and seeds were suspected sources of contamination, although the outbreak strain was rarely found in these foods. The strain likely entered the VBNC state due to environmental stress, such as exposure to copper ions, saline, and tap water from different regions. The bacteria remained viable for over 40 days under certain conditions, but cultivability decreased, with no colony-forming units detected after 3–5 days. Despite this, some bacteria retained intact membranes, indicating that they were still viable in the VBNC state. This study showed that VBNC E. coli O104:H4 could resuscitate in the human body, potentially leading to disease after food contamination (Aurass et al., 2011). These findings underscore that VBNC microorganisms, prevalent in clinical environments, pose marked threats to human health due to their ability to retain virulence and resist standard culturing methods. They contribute to infections and can be found on surfaces in medical settings, complicating infection control efforts.


Table 1 | Research on VBNC state in microorganism.






6.2 Food and environment context (nonmedical)

The presence of VBNC cells in food poses a risk to public health and food safety, as these cells are often undetectable by conventional methods. Factors such as low-temperature storage, pH, temperature, and pasteurization can induce bacteria into the VBNC state, where they remain dormant but retain pathogenic potential (Ferro et al., 2018; Schottroff et al., 2018). Strong evidence shows that VBNC cells in foods such as juice, milk, and beer can lead to contamination and make bacteria difficult to detect (Firmesse et al., 2012; Fakruddin et al., 2013; Muehler et al., 2020; Zhou et al., 2020). Xu et al. identified VBNC Pediococcus damnosus cells in spoiled beer using flow cytometry, routine culturing, and PMA-PCR to distinguish between cultivable and VBNC states. Genomic sequencing further confirmed that the isolates were exclusively P. damnosus. VBNC cells could be resuscitated using MRS agar with catalase, and their spoilage capabilities were similar to normal and resuscitated cells, posing a notable threat to food safety and preservation (Xu et al., 2021). Recent studies have detected C. hepaticus DNA in environmental sources on poultry farms, although it could not be cultivated from these samples (Phung et al., 2019). To explore C. hepaticus survival in farm environments, Phung et al. investigated its persistence in water and its transition to a VBNC state under stress (Phung et al., 2022). VBNC cells were induced by incubating C. hepaticus in Ringer’s solution at 4°C for 65 days. Resuscitation was attempted by coculturing VBNC cells with LMH, a chicken epithelial cell line, at 37°C for 48 h, followed by plating on HBA to detect recovery. Findings showed that C. hepaticus survived 3–4 days in water at 25°C and 21 days at 4°C. In the isotonic Ringer’s solution, survival increased to 9 days at 25°C and 64 days at 4°C. While optimal drinking water temperatures for poultry are around 23°C, lower water temperatures could allow longer survival, posing biosecurity risks and potential disease outbreaks. Nonthermal plasma (NTP) technology also offers a sustainable method for food decontamination, effectively inducing the VBNC state in S. aureus through metabolic suppression and oxidative stress responses. Liao et al. found that VBNC S. aureus exhibits enhanced resistance to oxidative stress, linked to the upregulation of antioxidative genes like dps, trxA, and katA. While heat, acid, and osmotic stress tolerance are similar between VBNC and cultivable cells, VBNC S. aureus shows greater infectivity and antibiotic resistance due to reduced cellular energy and overexpression of multidrug efflux pumps. Additionally, VBNC cells evade immune detection by downregulating pattern recognition receptors (PRRs) to persist longer (Liao et al., 2021). Furthermore, E. coli O157:H7 can enter a VBNC state in various water types, including river water and chlorinated drinking water. Liu et al. demonstrated that VBNC cells retain the ability to express both stx1 and stx2 genes, as confirmed by real-time PCR, enzyme-linked immunosorbent assays (ELISA), and Vero cytotoxicity assays. The expression of toxin genes in VBNC cells is higher than in cultivable cells, underscoring the potential pathogenicity of VBNC E. coli O157:H7 under stress conditions. This highlights the need for monitoring VBNC pathogenic bacteria, as they may still pose health risks despite not being cultivable (Liu et al., 2010).

Foodborne bacteria can form biofilms and enter a VBNC state, significantly affecting food safety and quality. The QS system, including molecules like AI-2 and Rpf, regulates biofilm formation, VBNC induction, and resuscitation, especially under stress conditions such as low temperatures, high osmotic pressure, and preservatives, making QS inhibition a promising strategy (Wu et al., 2020; Ding et al., 2024). In addition to the QS system, the VBNC state in foodborne pathogens is regulated by genetic mechanisms, including the stringent response mediated by (p) ppGpp, TA systems, and regulatory proteins like Lon/Clp proteases, RpoS, and OxyR (Wu et al., 2020). The stringent response mediated by (p) ppGpp helps bacteria adapt to stress by slowing growth and triggering VBNC state formation. The TA system regulates stress adaptation and biofilm formation, while key proteins like RpoS (Kusumoto et al., 2013) and Rpf (Ye Z. et al., 2020) play crucial roles in resuscitation, promoting growth and restoring pathogenicity. These factors, along with molecules like amino acids, contribute to the recovery of cultivability and virulence, complicating the management of VBNC bacteria in food processing (Zhu et al., 2024).

Organic acids, such as formic acid (FA), acetate, propionate, and butyrate, are widely used as food additives to block pathogens and improve gut health. Yadav et al. investigated the effects of FA on Klebsiella pneumoniae, Acinetobacter baumannii, two major hospital pathogens, at food storage temperatures between 4°C and 37°C (Yadav et al., 2022). FA treatment induced a VBNC state in these bacteria, with cells losing cultivability after 4 days but remaining viable for 10 days, as shown by flow cytometry. Interestingly, VBNC cells maintained membrane integrity, respiration, and smaller sizes, undergoing morphological changes from rods to shorter rods or cocci. The removal of FA resuscitated VBNC cells, increasing ATP levels and triggering the expression of virulence and antimicrobial resistance genes (ARGs). Resuscitation was successfully achieved using fresh and spent media.

Therefore, VBNC bacteria in food present notable risks to public health, as they retain pathogenicity and evade conventional detection methods. Stressful food processing conditions induce the VBNC state in pathogens like E. coli, Salmonella, and Staphylococcus, which can resuscitate in the human body and pose health threats. Studies reveal that genetic mechanisms, QS, and environmental factors regulate VBNC state formation and resuscitation. Understanding these factors is essential for controlling the risks posed by VBNC bacteria in food safety.




6.3 Biofilm and antibiotic resistance issues

In addition to sporulating bacteria, persister cells and VBNC bacteria exemplify phenotypic plasticity in microorganisms, enabling them to tolerate and eventually resist conventional antibiotic therapy (Andryukov et al., 2019). One of the most common forms of bacterial life occurs in biofilms, which, as mentioned, harbor antibiotic-resistant bacteria that are more challenging to eradicate than planktonic cell (Hu et al., 2019; Li et al., 2020a). The stressful microenvironments created by the complex structure of biofilms lead to physiological heterogeneity within the biofilm population. This heterogeneity likely supports the survival and maintenance of persister cells and VBNC bacteria (Orta de Velásquez et al., 2017). Despite being commonly associated with the biofilm phenotype, VBNC cells have also been reported in the planktonic populations of S. aureus and E. coli (Xu et al., 2018). Similarly, Gaio et al. evaluated VBNC state formation in planktonic cultures of Staphylococcus epidermidis. Their findings revealed that the proportion of VBNC cells can be modulated in both biofilm and planktonic conditions. Despite previous evidence that VBNC induction is strain dependent, recent findings suggest that VBNC cell formation can occur independently of the growth mode (Gaio et al., 2021).

C. jejuni can form monoculture biofilms or integrate into preexisting biofilms from strong biofilm producers like Pseudomonas spp., Flavobacterium spp., Corynebacterium spp., Staphylococcus spp., and Enterococcus spp (Ica et al., 2012). These biofilms are common in food processing environments, drinking water systems, and poultry houses. Cells within biofilms are more resistant to environmental stresses and disinfectants and survive under aerobic and low-temperature conditions longer than planktonic cells (Pitkänen, 2013). When detached from biofilms, C. jejuni can contaminate food products or water, posing considerable public health risks and contributing to its persistence in poultry facilities (Wingender and Flemming, 2011). C. jejuni can also enter the VBNC state under stressors like starvation, low temperature, and low pH. VBNC cells are more resistant to disinfection and can persist for up to 7 months. These cells may evade detection by culture-based methods but still express virulence genes, adhere to epithelial cells, and remain infectious. Both planktonic and biofilm-associated C. jejuni can transition to the VBNC state, with planktonic VBNC cells initiating biofilm formation on surfaces and contributing to contamination and persistence in various environments (Baffone et al., 2006; Trevors, 2011). Magajna et al. quantitatively assessed and compared the development of C. jejuni in planktonic and biofilm states using the LIVE/DEAD assay and traditional culturing methods (Magajna and Schraft, 2015). Biofilms were grown on glass fiber filters, while planktonic cells were cultivated in Mueller Hinton broth under microaerobic conditions at 37°C. Both were transitioned into the VBNC state by incubation at 4°C for up to 60 days, with viability assessed via LIVE/DEAD staining and periodic plate counts. Results showed that biofilm cells lost cultivability faster than planktonic cells, becoming VBNC within 10–20 days compared to 30–40 days for planktonic cells, likely due to gene expression differences. Mutants with altered polyphosphate kinase (Δppk1) formed more biofilm but were less capable of entering the VBNC state, linking biofilm formation, gene regulation (e.g., csrA), and the VBNC transition. Strain variations affect biofilm formation, VBNC state entry, and virulence. Clinical and food-processing isolates showed higher adhesion and virulence than animal isolates. This study highlights the need for nonculture-based detection methods to better understand the VBNC state and improve food safety to mitigate campylobacteriosis risks.

An in vitro study performed by Standar et al. demonstrated the role of VBNC cells in biofilm formation, highlighting their contribution to persistence and the chronic nature of infections. They investigate biofilm formation and interactions of S. mutans, S. mitis, and Aggregatibacter actinomycetemcomitans in mixed-species cultures (Standar et al., 2010). The results showed that cocultivating S. mitis with S. mutans increased biofilm mass, while cocultivating S. mitis with A. actinomycetemcomitans inhibited biofilm formation, suggesting that S. mitis can inhibit A. actinomycetemcomitans biofilm formation. In the latter group, the viable counting method failed to detect viable oral bacteria, suggesting that these bacteria could still contribute to biofilm mass without being considered “viable.” This observation implies that A. actinomycetemcomitans might adopt a VBNC status under specific conditions. Fluorescence microscopy combined with Live/Dead stain assays confirmed this, as both multiplying and VBNC cells were visualized as live cells. These findings highlight the role of VBNC cells in biofilm formation and persistence, underscoring their contribution to bacterial persistence and pathogenicity, even in the absence of typical growth.

While water system surveillance depends on culture-based techniques, many Legionella populations remain non-cultivable. A study revealed that starved VBNC L. pneumophila and L. micdadei can infect human macrophages and amoebae even after a year in ultrapure water. VBNC Legionella in oligotrophic biofilms may elevate bacterial concentrations in drinking water, resulting in underestimation of active cells using culture-based methods (Dietersdorfer et al., 2018). According to Ayrapetyan et al., VBNC V. vulnificus exhibits high-dose antibiotic tolerance, enabling it to withstand antibiotic treatment, heat exposure, heavy metals, pH fluctuations, and osmotic ionic challenges that would typically be lethal to bacteria (Ayrapetyan et al., 2018). Chlorine disinfection is widely used in drinking water treatment to ensure safety; however, the impact of residual chlorine on inducing bacteria in biofilms into a VBNC state remains unclear. Guo et al. investigated the cell numbers of P. fluorescens in different physiological states (cultivable, viable, and dead) using a heterotrophic plate count and flow cytometry under chlorine treatment. A significant difference between viable and cultivable cell numbers demonstrated that chlorine can induce bacteria in biofilms in the VBNC state. This study highlights the potential for bacteria to enter the VBNC state in drinking water biofilms and the changes in biofilm structure under chlorine treatment, providing important insights into biofilm control in drinking water distribution systems (Guo et al., 2023).

Biofilm-related infections can persist for long periods, contributing to chronic diseases and complicating the use of medical devices such as central venous catheters (CVCs) due to the reduced effectiveness of antibiotics on biofilm-growing bacteria. Concerns arise when bacterial clumps from mature biofilms spread through the bloodstream as septic emboli. Biofilm bacteria can enter a slow-metabolism form known as the VBNC state. A study by Zandri et al. found that 77% of CVC biofilms contained VBNC cells, primarily S. epidermidis. Viable cells were linked to febrile patients and positive blood cultures for S. epidermidis, suggesting that CVC biofilms act as reservoirs for staphylococci in the VBNC state (Zandri et al., 2012). Prosthetic joint infections (PJIs) pose significant treatment challenges due to the antibiotic resistance of infectious agents and their ability to form biofilms on surfaces. Weaver et al. explored the microbial species involved in PJI ecology in patients using both culturing and whole-genome shotgun sequencing (WGSS) techniques (Weaver et al., 2019). The results identified P. aeruginosa as the most abundant bacterium, and B. fragilis was detected exclusively by sequencing and could not be cultivated, likely due to biofilm resistance. In contrast, S. aureus, E. faecalis, and Corynebacterium striatum were successfully identified by culturing and sequencing. This study underscores the effectiveness of shotgun sequencing for detecting VBNC and culture-resistant bacteria, highlighting the limitations of traditional culturing methods, especially when microorganisms become resistant following biofilm formation. Biofilms are also significant for lactic acid bacteria (LAB), including food-related, probiotic, commensal, and pathogenic strains. During stress conditions like starvation or biofilm formation, some LABs enter a VBNC state. Under carbohydrate starvation, Lactococcus lactis was exposed to sterile chemically defined basal medium (CDM). For short-term starvation, CDM was supplemented with 0.1% lactose, while for long-term starvation, it contained 0.2% lactose or glucose. Under these conditions, L. lactis entered a VBNC state lasting at least two weeks, reducing DNA and protein synthesis while increasing glycolytic intermediate accumulation and the catabolism of alternative carbon sources. In addition, VBNC L. lactis shows enhanced expression of stress proteins, hydrolases, and peptidases, aiding survival without carbohydrates (Ganesan et al., 2007). The transition to a VBNC state was significantly influenced by time, carbohydrate type, and medium pH. Lower pH accelerated lactose metabolism and the onset of noncultivability. Strain-specific pH responses varied based on sugar utilization, indicating that carbohydrate use is the primary factor in starvation response and survival (Stuart et al., 1999).

The microbial life cycle, illustrated in Figure 2A, focuses on three key states: the log phase, VBNC state, and resuscitation state, highlighting differences in metabolic activity, virulence factor expression, and antibiotic resistance. The VBNC state serves as a survival strategy under stress, where cells remain metabolically active but non-cultivable by conventional methods, complicating the detection of antibiotic failure (Rivers and Steck, 2001). Yadav et al. demonstrated the ability of K. pneumoniae, A. baumannii, and E. coli to transition into the VBNC state when exposed to ciprofloxacin, amoxicillin, or glutaraldehyde. This state was validated through confocal microscopy and assays assessing energy production, membrane integrity, and metabolism, highlighting the potential for VBNC cells in multidrug-resistant (MDR) nosocomial pathogens to contribute to surface contamination in hospital environments and emphasizing the need for less vulnerable antibacterial alternatives (Yadav et al., 2023). In a subsequent study, Yadav et al. further demonstrated that VBNC states induced by formic acid in A. baumannii and K. pneumoniae exhibit enhanced antimicrobial resistance and tolerance, driven by reduced metabolic activity, cellular changes, and the upregulation of outer membrane porin and antibiotic efflux pumps, mechanisms strongly associated with MDR. This adaptation enables these pathogens to withstand antimicrobial treatments in both hospital and nonhospital environments, such as food and pharmaceutical settings. The potential resuscitation of these pathogens poses a notable risk of environmental recontamination and the spread of resistant infections (Yadav et al., 2022).




Figure 2 | The life cycle of microorganism in Log state, VBNC state (in some studies also refer to Lag phase) and resuscitation state in terms of metabolic activity, virulence factor expression, and antibiotic-resistant situation (A). Possible methods to assess the VBNC state when microbial species cannot be cultivated in medium and coexist with cultivable and dead populations (B).



Lin et al. demonstrated that chlorination in drinking water treatment can induce the VBNC state in E. coli, leading to increased bacterial persistence and antibiotic resistance. Low-dose chlorination reduced E. coli cultivability, leading to metabolic suppression and the upregulation of stress resistance genes (rpoS, marA, ygfA, relE) and antibiotic resistance genes (ARGs), particularly efflux-related ARGs. VBNC cells exhibited higher antibiotic efflux, resulting in lower intracellular concentrations. These findings highlight the persistence of VBNC E. coli in water systems, posing a risk of contamination and emphasizing the need for improved monitoring and control in water treatment practices (Lin et al., 2017). Postnikova et al. studied how P. syringae enters the VBNC state under oxidative stress from acetosyringone oxidation. After 3 h of exposure to H2O2, acetosyringone, and peroxidase, cultivability dropped by 99%, although membrane integrity was maintained. RNA sequencing showed upregulation of stress resistance genes (rpoS and marA), ARGs, and oxidative stress responses, while pathogenesis-related genes were downregulated. Transcription factors MarR and LysR indicated a shift from pathogenicity to survival. Efflux pump overexpression and drug inactivation mechanisms contribute to the VBNC state and antibiotic resistance, highlighting the persistence and resistance potential of VBNC cells (Postnikova et al., 2015). Bacteria such as S. aureus adapt to environmental stresses, such as antibiotics, by altering the FA composition (de Carvalho et al., 2009). Exposure to daptomycin increases membrane fluidity and surface charge (Jones et al., 2008), while vancomycin alters the phospholipid composition (Mirani and Jamil, 2013). Resistant strains convert saturated FAs to unsaturated FAs while lacking short-chain FAs. Gonçalves et al. exposed S. aureus cultures to vancomycin and teicoplanin, inducing dormancy and analyzing lipid composition. Most susceptible cells were eliminated, but a small fraction of the tolerant cells survived beyond 8 h. Fluorescence microscopy revealed more viable cells than CFU counts, and antibiotic-exposed cells decreased the branched/saturated FA ratio, reducing membrane fluidity (Gonçalves and de Carvalho, 2016). Consequently, antibiotic tolerance in the VBNC state might be a dynamic process that overlaps with persister cell tolerance mechanisms. Moreover, the presence of VBNC microorganisms in biofilm and clinical settings poses substantial health risks, since sterility is difficult to guarantee in everyday clinical practice.





7 Methods for detecting the VBNC state

As shown in Figure 2B, various methodologies for detecting and characterizing microorganisms were introduced for the VBNC state. Currently, viability assessments for detecting the VBNC state are categorized into membrane integrity, metabolism, and culture-based methods. These approaches are essential for studying microbial populations entering the VBNC state, but standard culture-based techniques fail to detect or differentiate cells. Understanding and assessing the VBNC state is crucial for addressing challenges in clinical microbiology, food safety, and environmental microbiology, as this state often contributes to persistent infections, contamination, and ecological resilience.



7.1 Culture-based methods

The public health significance of VBNC cells necessitates the development of reliable diagnostic techniques. However, conventional methods, such as culturing, are ineffective for accurately detecting VBNC cells in microbiological diagnosis. Robert Koch developed the conventional “plate culture method” in 1881 (Webb, 1932), and it has been extensively used for cultivating, identifying, and measuring alive microorganisms. Usually, at specific periods of time and temperature, viable bacteria produce colonies following the plating of a contaminated sample on an agar plate. Nonviable bacteria do not form colonies, which presents a major drawback of culture-dependent approaches in viability assays, as they fail to detect VBNC microorganisms (Trinh and Lee, 2022). Numerous studies have demonstrated that resuscitation of VBNC bacteria is generally more effective in broth cultures than on agar plates. This difference may arise from the distinct purposes of these media, with agar primarily serving for isolation while broth facilitates the preculture conditions needed for colony production. Effective resuscitation often requires specific conditions tailored to the microorganism and the factors underlying its noncultivability, highlighting the importance of optimizing environmental parameters for the successful recovery of VBNC cells (Özkanca et al., 2009).




7.2 Approaches based on metabolic activity

A viability assessment based on metabolic activity evaluates the biochemical processes within a cell or organism to determine its functionality and life status. This method measures indicators such as substrate consumption (e.g., glucose uptake) or byproduct production (e.g., oxygen usage or ATP generation), providing insight into metabolic health. Commonly used in cell culture and microbiology, this approach assesses cell viability and health without relying solely on traditional cell counting techniques, offering a dynamic perspective on cellular activity. The “direct viable counting (DVC)” method was developed to detect VBNC cells (Gonçalves and de Carvalho, 2016) and has been enhanced with radiolabeled substrates for microautoradiographic analysis to refine bacterial survival assessment in laboratory microcosms. By adding nutrients and nalidixic acid to inhibit cell division, the method distinguishes between cultivable and non-cultivable cells. Viable cells, including those undetectable on routine media, are identified as elongated cells, enabling accurate enumeration of responsive populations. Using this technique, VBNC cells of V. vulnificus, C. jejuni, V. cholerae, and S. enteritidis have been detected (Roszak and Colwell, 1987; Lv et al., 2020). Integration with advanced techniques such as direct fluorescent antibody incubation (DFADVC) (Mishra et al., 2011) or fluorescence in situ hybridization (FISH-DVC) (Piqueres et al., 2006) further enhances its precision in studying bacterial viability and behavior. The dye uptake assay is a metabolic activity-based viability method that quantifies dye absorption by viable bacteria through their membranes. In active bacterial systems, enzymes such as lipases, proteases, and esterases hydrolyze the dye as it enters the membrane, converting nonfluorescent signals into visible fluorescent signals (Trinh and Lee, 2022). Another metabolic activity-based viability method is the glucose uptake assay, wherein live bacteria take up and incorporate glucose from their environment into their cytoplasm via membrane transport systems, using it to produce energy through metabolic processes (Sundar et al., 2018). The glucose content within cells can serve as a valuable indicator for assessing bacterial metabolic activity. Two primary approaches for “glucose-based viability assessment” are enzymatic tests and artificial fluorescent glucose utilization. Notably, 2- [N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) is an artificial fluorescent glucose used in the artificial fluorescent glucose strategy to assess glucose uptake. Through a glucose transportation mechanism, only live bacteria with active metabolisms can metabolize 2-NBDG. The second strategy involves enzymatic tests to evaluate glucose uptake. Glucose is oxidized to produce H2O2 and D-gluconic acid in the presence of glucose oxidase. Next, o-dianisidine is used in a colorimetric process to quantify the H2O2 level. Peroxidase catalyzes this reaction by converting o-dianisidine from a colorless to a colorful molecule (Braissant et al., 2020).

Given that the VBNC state exhibits reduced metabolic activity compared to cultivable cells in the exponential phase (Li et al., 2014) and that VBNC bacteria cannot grow under standard culture conditions (Ayrapetyan and Oliver, 2016; Zhang et al., 2021), simultaneous detection of both viable and VBNC cells from the same sample is possible. Dead cells can be inferred based on decreased ATP synthesis rather than active recognition. Therefore, an “ATP production assay” is used to identify these cells (Fleischmann et al., 2021). This method combines a luciferase enzyme with bacterial lysis, which releases ATP and leads to fluorescein production. The level of fluorescence generated from this reaction reflects the ATP content within the cells, allowing for their detection (Robben et al., 2019). Robben et al. developed a VBNC–MIC assay using ATP production as a marker for bacterial viability to evaluate antimicrobial tolerance in VBNC bacteria. Heat-stress experiments showed that VBNC bacteria were resistant to antibiotics like ampicillin, ciprofloxacin, and gentamicin, as well as disinfectants like benzalkonium chloride. The assay validated VBNC induction through ATP production and cultivability tests and determined the minimum ATP inhibitory concentration (MAIC) for antimicrobials. Temperature-dependent time-kill experiments and fluorescence microscopy confirmed a strong correlation between ATP levels and bacterial viability, even under severe stress (Robben et al., 2019). This method provides a high-throughput, cost-effective approach to studying the antimicrobial resistance of VBNC bacteria and could advance the development of targeted treatments or disinfection strategies.

Metabolic-based approaches thus offer innovative tools for assessing the viability of VBNC bacteria by measuring metabolic activity markers, such as glucose uptake, ATP production, and dye hydrolysis. These methods enable differentiation between viable and nonviable cells, overcoming the limitations of traditional culturing techniques. Techniques like ATP production assays may also reveal antimicrobial resistance in VBNC bacteria, highlighting the need for advanced detection and treatment strategies to address their potential public health risks.




7.3 Approaches based on membrane integrity

The dye exclusion assay and molecular methods are widely used to evaluate bacterial viability based on membrane integrity. Bacteria with an intact membrane selectively exclude dyes, while those with compromised membranes are more permeable. The dye interacts with internal proteins and nucleic acids, leading to the release of measurable fluorescent signals (Breeuwer and Abee, 2000; Trinh and Lee, 2022).



7.3.1 Dye exclusion and flow cytometry

Propidium iodide (PI) is widely used in dye exclusion experiments to assess bacterial membrane damage. PI penetrates bacteria with compromised membranes, binding to their RNA and DNA (Cieplik et al., 2018). This interaction increases PI fluorescence approximately 30-fold, shifting its excitation/emission maxima from 493/636 nm to 535/617 nm. The resulting fluorescence can be analyzed using flow cytometry (FCM), confocal laser scanning, or fluorescence microscopy, making it a key tool in microbial analysis (Stiefel et al., 2015). Combining PI with SYTO 9 (Cieplik et al., 2019) or SYBR Green (Muehler et al., 2020) in the LIVE/DEAD method offers an effective approach to assessing cell viability based on cytoplasmic membrane integrity. SYTO 9, a green fluorescent dye, stains all cells, whether intact or damaged, while PI, a red fluorescent dye, selectively penetrates cells with compromised membranes, competing with SYTO 9 for nucleic acid binding. This dual-staining technique allows for the differentiation of viable cells with intact membranes from nonviable, membrane-compromised cells (Boehnke et al., 2017). This method, often coupled with FCM or fluorescence microscopy, is particularly effective in detecting VBNC state cells, which maintain intact membranes (Zhao et al., 2013). Compared to DVC or CTC staining, the combination of FCM with PI and SYTO 9 enhances detection sensitivity and has become a widely regarded standard procedure (Santander et al., 2018). FCM is a powerful tool for rapid microbial enumeration, analyzing thousands of cells per second. When combined with fluorescent viability kits, it provides both quantitative and qualitative data and allows precise cell sorting. Fluorogenic substrates enhance detection by producing polar fluorescent products in cells with intact membranes, although their use can be limited by background interference from nontarget bacteria or particles when using fluorescently labeled antibodies or oligonucleotides (Khan et al., 2010). FCM has limitations, including its inability to distinguish VBNC cells from viable-cultivable ones or to differentiate between bacterial species, restricting its use for VBNC-related infections. Viability quantitative PCR (v-qPCR) methods like PMA-qPCR may be more effective for specific food and water matrices (Trinh and Lee, 2022).




7.3.2 PCR-based techniques

Thanks to advancements in molecular biology, current molecular methods, such as polymerase chain reaction (PCR), are now better alternatives for species identification. However, the applicability of PCR for detecting the VBNC state is limited due to its inability to distinguish DNA from bacterial suspensions or agar media where cultivable, dead, and VBNC cells coexist. Bacteria with damaged membranes can be penetrated by DNA-intercalating dyes like ethidium monoazide bromide (EMA) and propidium monoazide bromide (PMA), but live bacteria with intact membranes are less susceptible to being visualized by dye-based methods (Kontchou and Nocker, 2019; Xie et al., 2021). For bacterial viability tests, PCR and loop-mediated isothermal amplification (LAMP) have frequently been used in conjunction with photoreactive DNA-intercalating dyes. Prior to extracting DNA from bacteria, cells are typically treated with PMA. PMA can attach to DNA and stop its replication after passing through the broken membrane. Quantitative PCR (qPCR) can then be used to quantify VBNC cells (Kibbee and Örmeci, 2017). To further stimulate the interaction between these dyes and DNA, the sample is subjected to visible light at 600 nm (Hein et al., 2007). The azide group in EMA and PMA changes into highly active nitrene radicals that bind to the DNA of the nonviable bacteria. Then, the DNA structure is altered and DNA elongation in PCR is inhibited. Due to the covalent bond formation between DNA and nitrene radicals, DNA from nonviable bacteria cannot be amplified, unlike DNA from viable bacteria (Taylor et al., 2014; Zhang et al., 2015; Lee et al., 2022). PMA-qPCR and PMA-LAMP have been widely explored for the viability assay for various bacteria entering the VBNC state (Golpayegani et al., 2019; Zhang et al., 2020; Xu et al., 2021). Moreover, a recently enhanced PMA dye, PMAxx, has been used for bacterial viability tests to increase selectivity and sensitivity (Cao et al., 2019; Gao et al., 2021). Reverse transcription-quantitative PCR (RT-qPCR) and droplet digital PCR (ddPCR) are other molecular diagnostic techniques used to quantify VBNC cells. RT-PCR requires a target gene that expresses consistently, such as virulence and housekeeping genes. Moreover, ddPCR is a relatively new technology considered more effective than other methods due to its independent amplification efficiency and lack of reliance on a calibration curve (Lv et al., 2020). Therefore, dye exclusion assays and molecular methods effectively assess VBNC state bacterial viability by evaluating membrane integrity. Flow cytometry with fluorescent dyes, such as PI and SYTO 9, differentiates viable and nonviable cells, while PCR-based methods like PMA-qPCR enhance specificity by targeting DNA in cells with damaged membranes. Despite certain limitations, these advanced tools offer precise and versatile solutions for microbial analysis across diverse fields.





7.4 Other techniques

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) offers a valuable technique for identifying VBNC bacteria by analyzing the unique protein profiles of cells, even when they are non-cultivable. This approach, often combined with multivariate data analysis, allows researchers to differentiate between viable and nonviable cells (Kuehl et al., 2011). For example, Heim et al. analyzed the protein expression patterns of E. faecalis in different exponentially growing, starved, and VBNC states to investigate whether the VBNC state was distinguishable from other stress responses. The results revealed that VBNC cells have a distinct protein profile compared to starved or growing bacteria, confirming that the VBNC state is a separate physiological phase activated in response to environmental stress. In the analysis, proteins were excised from Coomassie blue-stained gels, digested with trypsin, and analyzed using MALDI-TOF, with peptide extracts eluted and directly analyzed on the MALDI target. The data obtained were used for protein identification through searches in protein databases, providing insight into the unique characteristics of VBNC bacteria. The findings showed that the protein profile of VBNC cells differs significantly from that of starved or exponentially growing cells. This suggests that the VBNC state represents a distinct physiological phase in the life cycle of E. faecalis, one that is triggered in response to various environmental stresses (Heim et al., 2002).

RNA-based methods, such as 16S rRNA sequencing, targeting metabolically active VBNC state cells offer a solution. Guo et al. employed culture-dependent methods in combination with quantitative PCR using PMA dye to assess cellular viability. They also developed an innovative approach to quantifying viable pathogens by correlating specific gene copy numbers with viable cell counts. This approach revealed that the ratio of cultivable bacteria to viable 16S rRNA gene copies varied between water and biological activated carbon (BAC) biofilms (Guo et al., 2021). However, the rapid degradation of RNA poses challenges (Guo et al., 2021). The BrdU labeling technique developed by Malayil et al., which marks replicating DNA in metabolically active cells, was coupled with next-generation sequencing (NGS) to assess VBNC Vibrio spp. in water sources (Malayil et al., 2021). This study demonstrates that combining BrdU labeling with 16S rRNA sequencing effectively detects metabolically active VBNC Vibrio spp. in water samples. This method eliminates the need for enrichment steps, significantly reducing detection time. Taxonomic analysis identified Proteobacteria as the predominant phylum across samples, while beta diversity analysis indicated variations between BrdU-treated and nontreated samples. This study underscores the effectiveness of BrdU labeling in detecting VBNC bacteria and highlights its potential in monitoring water quality.

NGS techniques like metagenomics provide a highly sensitive and specific method for detecting and identifying difficult-to-culture microbes, including VBNC bacteria. Unlike targeted amplicon sequencing, shotgun metagenomics enables the functional annotation of gene sequences found in clinical samples, providing a broader and more detailed description of microbial communities. Functional annotation involves two key steps: first, gene prediction, where bioinformatics algorithms identify potential protein-coding sequences, and second, gene annotation, where these sequences are matched to protein family databases to determine their functions. This approach not only allows for the discovery of novel genes and functional pathways but also aids in identifying difficult-to-culture microorganisms like VBNC (Mellmann et al., 2011; Boers et al., 2019). This approach is particularly valuable for studying microbial communities where VBNC bacteria may be present in significant numbers, providing critical insights into their presence and potential viability (Boers et al., 2019).

The “DNase I protection assay” is another fascinating technique that relies on the protection of cellular genomic DNA from exogenous nuclease degradation. Unlike damaged cells with exposed nucleic acids, VBNC cells with intact membranes can survive and be identified using this method (Pawlowski et al., 2011). Phage-based methods aim to track labeled phages that bind specifically to bacterial hosts, amplify measurable markers within the host using the phage, and facilitate the proliferation of phage products released from the host. These techniques are valuable for identifying and monitoring bacterial populations, including VBNC cells (Ben Said et al., 2010; Smartt and Ripp, 2011). Biological sensors, which transform biological chemical signals into measurable electrical or visual outputs, provide an innovative method for detecting VBNC cells. Potentiometric sensors and functional polymer-based sensors selectively identify living aerobic and facultative anaerobic bacteria. Advanced techniques, such as piezoelectric immunosensors and mass-sensitive cantilever sensors, enhance detection speed and specificity for viable cells, although they remain complex, with detection times ranging from hours to a day (Koçak et al., 2023). Cheng et al. detected E. coli in the VBNC state using electrochemical sensors and electrodes harboring Pseudomonas putida and Moraxella spp. based on membrane specificity and β-D-glucuronidase activity (Cheng et al., 2011). The effectiveness of this procedure is determined by the minimum number of microorganisms detected within a given timeframe. For instance, Togo et al. demonstrated that E. coli was found in water samples within 20 min at as low a density as 2 CFU/100 mL using biosensors carrying P. putida and Moraxella spp (Togo et al., 2007). An “aptamer-based biosensor” found S. typhimurium in fewer than 600 colonies (Labib et al., 2012). Other approaches developed to detect VBNC bacteria include microfluidic-based techniques (Bamford et al., 2017; Vilhena et al., 2019), autoradiography (Lambrecht and Ulbrich-Hofmann, 1993), and D2O-labeled Raman spectroscopy (Guo et al., 2019).

In summary, viability assessments are critical markers utilized to precisely identify the presence of VBNC cells during induction and resuscitation. We identified several advantages and limitations of LIVE/DEAD staining and molecular assays for VBNC state detection. Both methods rely on membrane integrity; however, compared to PCR, LIVE/DEAD BacLight staining provides more precise differentiation between live and dead cells, especially when combined with FCM. In addition, EMA- and PMA-PCR, even with the drawback of false positives, are expensive and require a qualified technician (Fleischmann et al., 2021; Wideman et al., 2021). For effective and reliable detection of VBNC cells, a combination of different techniques seems worthwhile for achieving the best results. For instance, Xu et al. introduced a novel procedure to identify and confirm VBNC P. damnosus in spoiled beer, utilizing techniques like flow cytometry, routine culturing, and PMA-PCR. Genomic sequencing confirmed that these cells were identical to P. damnosus, with no contamination from other species. Then, VBNC cells were successfully resuscitated using MRS agar supplemented with catalase, and both the VBNC state and resuscitated cells retained their contamination capability. This approach provides a valuable framework for studying VBNC states in food safety, helping to identify and mitigate risks posed by VBNC microorganisms in the food industry (Xu et al., 2022). Moreover, RNA-based techniques such as 16S rRNA sequencing, NGS, and metagenomics offer rapid, sensitive, and specific tools for studying VBNC states and monitoring microbial communities in diverse samples.





8 VBNC state in the oral cavity

The oral microbiome is influenced by environmental factors such as pH, temperature, humidity, anaerobic conditions, nutrition, and hormone levels (Saadaoui et al., 2021). To persist in the oral cavity, most oral bacteria rely on biofilm formation for survival (Lemos et al., 2005). Oral biofilms are unique compared to those in other parts of the human body due to their specific location, dynamic nature, formation process, and composition, primarily involving plaque formation in dental hard tissues (Ramachandra et al., 2023). The oral cavity hosts diverse biofilms across various niches, comprising over 700 bacterial species, fungi, algae, protozoa, and viruses (Wade, 2021). These biofilms can either support oral health or contribute to disease. Commensal bacteria promote oral health by protecting tissues, preventing pathogenic attachment, and modulating immune responses (Gutt et al., 2018). Conversely, biofilms can facilitate the bacterial evasion of immune defenses and antimicrobial treatments, markedly contributing to antimicrobial resistance (Singh et al., 2017).

The oral cavity hosts numerous non-cultivable or culture-difficult bacterial species (Ye C. et al., 2020). Studies by Miller et al. and Socransky et al. revealed the limitations of traditional culture methods, showing that about half of the oral microbiome remains non-cultivable, for which studies have highlighted their role in periodontitis (Siqueira and Rôças, 2013). Metagenomics studies identified Bacteroidetes spp., Prevotella spp., Treponema spp., Peptostreptococcus spp., Fusobacterium spp., Eubacterium spp., Filifactor alocis, and Parvimonas micra as persisting species in the subgingival biofilm, especially after treatment like mechanical periodontal therapy combined with amoxicillin and metronidazole (Siqueira and Rôças, 2009; Colombo et al., 2012; Pérez-Chaparro et al., 2014). By generating gradients of nutrients, oxygen, and pH, biofilm-producing bacteria create localized stress conditions, such as hypoxia, that induce the VBNC state (Alam et al., 2007). QS and signaling molecules intensify bacterial stress responses and metabolic shifts, driving VBNC induction. Environmental stresses, including oxygen exposure, starvation, and osmolarity changes, further stimulate formation and morphological transitions linked to the VBNC state (Santos et al., 2023). Sub-lethal antimicrobial levels and oxidative stress activate survival pathways, while reduced metabolic activity and slower growth rates in biofilm-associated bacteria reflect VBNC characteristics (Bronowski et al., 2014).

Despite limited research on the VBNC state in oral bacteria, those within biofilms are expected to enter this state naturally in response to disinfectants or antibiotics. Progulske et al. showed that S. mutans, S. pyogenes, and Streptococcus sanguinis exhibit phenotypes similar to the VBNC state (Progulske-Fox et al., 2022). Bacteria can survive unfavorable conditions by entering the VBNC state, enhancing their resilience in the oral cavity. Biofilms act as reservoirs for these bacteria, supporting their persistence, contribution to recurrent infections and antibiotic resistance (Yahara et al., 2017; Progulske-Fox et al., 2022). The VBNC state also enhances biofilm resilience in endodontic infections by enabling bacteria to endure extreme stress and persist within the root canal system. E. faecalis is a biofilm-forming bacterium strongly associated with endodontic infections and root canal therapy failure. Its adaptability allows it to thrive in extreme conditions, including alkaline pH, salt-rich environments, and high temperatures. Structural components such as glycerol teichoic acid and peptidoglycan strengthen its cell membrane, resist osmotic pressure, and enhance its overall resilience (Jayakumar et al., 2024). This VBNC state is characterized by cell wall modifications that protect the bacterium and allow it to persist. Its small size further facilitates its invasion of dentinal tubules, where it uses virulence factors, such as collagen-binding proteins, to adhere to dentin and establish infection. Additionally, E. faecalis possesses a proton pump in its cell wall that helps regulate intracellular pH by acidifying its cytoplasm (Kayaoglu and Ørstavik, 2004). This mechanism is particularly advantageous in alkaline environments, such as those created by calcium hydroxide-based intracanal medicaments, ensuring their survival and persistence. These combined features make VBNC E. faecalis highly resilient and challenging in endodontic infections (Ran et al., 2015).

The limited research on oral bacteria’s ability to enter the VBNC state makes it difficult to understand its full implications for oral health. For example, the VBNC state in P. gingivalis may contribute to the persistence of periodontal diseases. Additionally, H. pylori in the oral cavity could be significant in gastroenterology, as it is linked to conditions such as ulcers and stomach cancers. VBNC bacteria can evade detection during routine culturing, resist antibiotics, and persist undiagnosed in the oral cavity. These bacteria may reactivate under certain conditions, leading to recurrent infections (Marginean et al., 2022; Progulske-Fox et al., 2022).



8.1 VBNC state in P. gingivalis, F. nucleatum, and A. actinomycetemcomitans

For many years, researchers were unable to cultivate periodontitis-associated bacteria from the oral cavity and atherosclerotic vessels, so they believed that detecting genomic DNA from oral pathogens in diseased tissues did not confirm the existence of the VBNC state but merely indicated the presence of DNA potentially transported by macrophages to the affected area (Kozarov, 2012). Studying this theory led to two key findings. First, Kozarov and colleagues examined whether viable P. gingivalis and A. actinomycetemcomitans were present in diseased tissues (Kozarov et al., 2005). Both bacteria were detected using qPCR, while attempts to cultivate live colonies on blood agar plates were unsuccessful. When carotid atherosclerotic plaque homogenate was introduced into human cardiovascular aorta endothelial cells, the authors were able to distinguish live P. gingivalis and A. actinomycetemcomitans from dead ones. Their presence in the plaque was confirmed using cell culture invasion assays and immunofluorescent microscopy. Since detection on blood agar does not confirm bacterial viability, this suggests that the bacteria remain alive within the host cells. Their viability, rather than their ability to be cultivated, may indicate their VBNC state. In a multispecies environment, such as a dual-species culture, interactions between P. gingivalis and A. actinomycetemcomitans may enhance the growth of both bacteria (Periasamy and Kolenbrander, 2009). However, as Kozarov et al. suggested, these bacteria might exist in a VBNC state within atherosclerotic plaque. Given their low metabolic activity in this state, specific growth conditions must be considered to facilitate their revival. These conditions may include the use of anaerobic environments or media enriched with nutrients and metabolic products, such as pyruvate, as Progulske et al. demonstrated for P. gingivalis resuscitation. Additionally, signaling molecules either naturally present or released by other metabolically active species could “wake up” or stimulate the bacteria to resume metabolism. These optimized conditions may improve the revival of these intracellular bacteria from the VBNC state, even when cultivated on blood agar.

This report raises the question of what happens to these organisms during in vitro and in vivo investigations. Haditsch et al. conducted an in vitro study demonstrating P. gingivalis’s ability to invade and persist in mature neurons, using the in vitro model to investigate its neurodegenerative effects. Their findings revealed that P. gingivalis infection remained stable for up to 72 h, during which time the bacterium transitioned into a VBNC state. Confocal high-content screening (HCS) and qPCR analysis confirmed sustained intra-neuronal infection, while CFU assays demonstrated a marked decline in cultivable bacteria over time. To validate the VBNC state, RNA analysis detected active transcription of key P. gingivalis genes, including lysine gingipain (kgp), arginine gingipain (rgpB), and 16S rRNA, at all time points. Intracellular P. gingivalis was localized within lysosome-like structures and unbound in the cytoplasm, with colocalization observed for endosomal and lysosomal markers. In addition, bacterial aggregates partially engulfed by neuronal membranes were shown to produce gingipains, suggesting that these clusters act as biofilm-covered reservoirs. These findings indicate that P. gingivalis can persist within neurons in a VBNC state, potentially serving as a chronic source of infection and contributing to neurodegenerative processes (Haditsch et al., 2020). Another study by Li et al. provides further evidence that P. gingivalis can enter the VBNC state as part of their life cycle. Their follow-up findings demonstrated that P. gingivalis can be detected for up to 48 h during cocultivation with a cell line. However, after 48 h, the number of colonies on blood agar plates drastically decreased, while intact P. gingivalis inside the cells could be visualized using a microscope. A number of colonies formed on blood agar plates after lysing infected cells and mixing them with uninfected cells (Li et al., 2008).

F. nucleatum is part of the oral anaerobic normal flora, often initiating as an oropharyngeal infection but also acting as a pathogen in abscesses across various organs (Kuppalli et al., 2012). The VBNC state, where bacteria are metabolically active but fail to grow under standard laboratory conditions, may explain the difficulty in recovering F. nucleatum using conventional culture methods. For example, Chakvetadze et al. reported a case where F. nucleatum could not be recovered from blood cultures or from hepatic, pleural, and brain drain fluid in a patient with multiple abscesses. The diagnosis was ultimately made through PCR targeting the 16S rRNA gene in brain abscess drain fluid, underscoring the importance of molecular techniques for diagnosing VBNC bacteria when standard cultures fail (Chakvetadze et al., 2017). F. nucleatum also maintained stable biomass and showed slight increases in superoxide dismutase activity when cultivated in a gradually oxygenated atmosphere, suggesting that this metabolic adaptation helps F. nucleatum survive in oxygenated environments, a feature linked to its ability to enter the VBNC state (Diaz et al., 2000).

Oral bacteria, including Prevotella intermedia, P. gingivalis, F. nucleatum, and H. pylori, can migrate to other organs via systemic circulation or swallowed saliva, with bacteremia increasing inflammation and potentially causing organ dysfunction (Chopra et al., 2024). While gastric acidity inhibits most oral bacteria, species such as P. gingivalis can survive harsh conditions, cross the gut barrier, and enter systemic circulation. This survival is partly attributed to the VBNC state observed in bacteria such as P. gingivalis, H. pylori, A. actinomycetemcomitans, and E. faecalis. The VBNC state enables these bacteria to evade detection or persist intracellularly, contributing to the chronicity of oral and systemic infections (Chopra et al., 2024). Understanding the molecular mechanisms behind the VBNC transition, particularly in P. gingivalis, is essential for managing periodontal diseases and their systemic impacts. Periodontitis-associated bacteria can remain viable in a VBNC state within host cells, evading conventional detection methods. Investigating their behavior in both in vitro and in vivo contexts is vital for uncovering their role in disease progression and developing effective management strategies.




8.2 VBNC state in oral Enterococcus spp., Streptococcus spp. and other oral bacterial strains

Streptococcus mutans, a key oral pathogen linked to dental caries, is a well-documented example of streptococcal dormancy. While the dormancy state in most streptococcal species is commonly triggered by antibiotics (Willenborg et al., 2014), the dormancy state in S. mutans is regulated by TA systems, and induced by environmental stressors such as dimethylaminododecyl methacrylate, oxidative stress, amino acid depletion, antibiotic challenge, acid stress, and heat (Leung and Lévesque, 2012). S. mutans causes dental caries by metabolizing sucrose to produce lactic acid, which erodes tooth enamel. S. mutans relies on the CSP-ComDE system to regulate both dormancy and biofilm formation where dormant cells are found (Senadheera and Cvitkovitch, 2008). Understanding the interplay between the CSP-ComDE system, dormancy, and biofilm formation is critical for developing effective treatments (Buse et al., 2013). In addition, S. sanguinis, a commensal organism in the human oral microbiota, utilizes a dormant state as a stress response. It resides in the oral cavity, where it suppresses the growth of caries-causing S. mutans by producing H2O2 as a metabolic byproduct (Aynapudi et al., 2017). Under specific conditions, S. sanguinis also promotes the formation of health-associated biofilms, such as dental plaques. Decker et al. documented that stationary-phase cultures of S. sanguinis develop a subpopulation of viable bacteria undetectable by plate count, suggesting the presence of a VBNC state during nutrient depletion (Decker, 2001). Group A Streptococcus (GAS) is a key pathogen in oral source septicemia and periodontal disease progression (Trapp and Scott, 2017). Under stress, Streptococcus pyogenes can enter a VBNC state, maintaining metabolic activity while evading standard detection methods (Wood et al., 2005). Trainor et al. were the first to report VBNC formation in S. pyogenes under nutrient-limited conditions, where carbon or phosphorus deprivation triggered a starvation state lasting 3–4 weeks, causing a decline in cell viability and noncultivability after 4 days. Amino acid utilization plays a key role in survival, and VBNC cells exhibit functional membrane potential but no growth on standard media. Active cell wall and protein synthesis are essential for maintaining viability in this dynamic state (Trainor et al., 1999). Wood et al. further explored S. pyogenes’ long-term survival, finding that, in sugar-limited Todd-Hewitt broth, the bacteria remained cultivable for over a year, while survival in glucose-rich or defined media lasted less than a week. After 4 weeks in sugar-limited conditions, VBNC cells with intact membranes were detected. These findings highlight the ability of S. pyogenes to persist for extended periods under specific nutrient-limited conditions, underscoring its adaptive strategies for long-term survival (Wood et al., 2005).

S. mutans, S. sanguinis, Veillonella spp., Actinomyces spp., Bifidobacterium spp., and Lactobacillus fermentum are linked to oral health, and some of these species are also associated with dental caries development. Kim et al. investigated Limosilactobacillus fermentum and L. plantarum persister cells under antibiotic stress (Kim et al., 2024). They found that L. fermentum cells treated with 4 μg/ml amoxicillin for 30 h formed persister cells, while L. plantarum treated with 400 μg/ml ampicillin for up to 60 h showed similar dormancy. The persister cells exhibited low resuscitation (0.5%–1%) and characteristics typical of dormancy, such as multi-antibiotic tolerance. Stress-induced ribosome inactivation led to dormancy in Lactobacillus. Unlike E. coli, Lactobacillus spp. lacks flagella, and its resuscitation rate is lower, possibly due to the simpler structure of its peptidoglycan-rich cell wall. Additionally, prolonged antibiotic treatment induced the VBNC state in L. plantarum, causing cells to lose cytoplasmic content and cell walls, rendering them unable to resuscitate. This suggests that persister formation and resuscitation mechanisms depend on bacterial characteristics, such as membrane structure. Bao et al. investigated the molecular composition of Lacticaseibacillus paracasei in a VBNC state using single-cell Raman spectroscopy, fluorescent microscopy, plate counting, and scanning electron microscopy (Bao et al., 2023). After cold incubation at 4°C for 220 days, the viable plate count was zero, but the live cells were still visible under fluorescence microscopy, indicating that the bacteria entered the VBNC state. SEM showed altered morphology with shorter cells and wrinkled surfaces. Raman spectra revealed significant biochemical differences, including changes in carbohydrates, lipids, nucleic acids, and proteins. These findings suggest that the VBNC state involves cellular structural and biochemical adaptations to adverse conditions, providing insights into VBNC state formation in lactic acid bacteria.

E. faecalis is also considered one of the most frequently detected microbial species in secondary endodontic infections (Tennert et al., 2014). E. faecalis is linked to chronic periapical periodontitis and a 50%–70% failure rate in endodontic retreatments (Sakko et al., 2016). Treated root canals provide a well-sealed, low-nutrient environment that enables E. faecalis to thrive and exacerbate root canal infections (Alghamdi and Shakir, 2020). The persistence of E. faecalis is thought to result from its ability to enter a VBNC state, maintaining viability and pathogenicity through gene expression and metabolic activity. A series of studies have examined the VBNC state in Enterococcus spp. under various stress conditions, including starvation, temperature (Heim et al., 2002), light, salinity (Gin and Goh, 2013), and antibiotics (Lleò et al., 2003). Stress factors, such as carbon source exhaustion or incubation in an oligotrophic medium at permissive temperatures, trigger the starvation response (Heim et al., 2002). Activating different metabolic pathways results in changes in the protein profiles of Enterococcus Spp. Giard et al. reported starvation-specific alterations in the protein profiles of E. faecalis, identifying proteins induced in glucose-starved cells as part of the CcpA regulon. The induction of these enzymes during starvation helps to increase the capacity to scavenge nutrients or mobilize endogenous energetic reserves (Giard et al., 2001). Starved and stationary enterococcal cells can form biofilms on plastic materials, although with reduced efficiency compared to growing cells (Lleo et al., 2007). Sedgley et al. introduced E. faecalis into the root canals of extracted single canal teeth and found that E. faecalis maintains its viability for 12 months without additional nutrients by entering the VBNC state through cell wall alterations and keeping adhesive properties to cultivated human cells (Sedgley et al., 2005). Signoretto et al. highlighted the structural and biochemical adaptations in VBNC cells, focusing on cell wall changes compared to exponentially growing, stationary, and UV-killed cells (Signoretto et al., 2000). VBNC cells exhibit slight elongation and significantly enhanced mechanical resistance, which is attributed to increased crosslinking in the peptidoglycan structure. Alterations in muropeptide distribution, elevated levels of lipoteichoic acid (LTA), and distinct patterns of penicillin-binding proteins underline the physiological adjustments that facilitate bacterial resilience (Satta et al., 1994). In the VBNC state, peptidoglycan composition shifts significantly, with notable increases in crosslinked muropeptides and elevated activity of autolytic enzymes like muramidase-1, particularly in latent forms (Canepari et al., 1986; Canepari et al., 1987). These findings provide critical insights into bacterial adaptability and persistence, emphasizing the role of the VBNC state in pathogenesis and resistance to environmental and antibiotic stresses, thus contributing to a broader understanding of microbial resilience in challenging conditions. Lieo et al. explored the adhesion and biofilm formation of exponentially growing and nondividing enterococcal cells on polystyrene surfaces under environmental stress using light microscopy. The researchers induced a VBNC state in the exponential phase of enterococcal cells within a microcosm. The cells were exposed to two distinct stress conditions: incubation at 4°C under direct light and at room temperature in the absence of direct illumination. CFU was then assessed every two days until no colonies were observed on solid media, marking the transition to the VBNC state. The viability, biofilm formation, and binding ability of the enterococcal cells in both the microcosm and cultivable suspension were assessed by staining with the LIVE/DEAD kit, adherence assay, and biofilm formation method, respectively. They found that enterococcal cells maintained their adherence and biofilm formation ability under a VBNC state (Lleo et al., 2007). Solid media, even when supplemented with sodium pyruvate, catalase, superoxide dismutase, or reduced agar concentrations, failed to support resuscitation in Enterococcus spp. Successful resuscitation was achieved only in liquid media. E. faecalis and E. hirae exhibited a gradual decline in resuscitable cells, detectable for up to 60 days. In contrast, E. faecium showed limited resuscitation, with viable cells detectable for only 7 days. Adding sodium pyruvate, catalase, or superoxide dismutase to liquid media did not improve resuscitation rates (Lleò et al., 2001). These findings underscore significant differences in resuscitation capacity among enterococcal species.

The detection of mRNA, given its inherent instability, is widely used to assess cell viability (Sheridan et al., 1998). Lleò et al. recently demonstrated that the pbp5 mRNA of E. faecalis can serve as a marker of VBNC state cell viability, as its presence indicates active gene expression (Lleò et al., 2000; Lleò et al., 2001). To induce the VBNC state, exponentially growing vancomycin-resistant Enterococcus cultures were inoculated into oligotrophic microcosms with lake water, some pre-exposed to sub-MIC vancomycin to activate resistance genes, vanA and vanB, and maintained at 4°C while monitoring CFU counts. This research group further examined the vanA and vanB genes as markers of the VBNC state (Lleò et al., 2003). The results showed that E. faecalis VBNC cells maintained expression of the vanA and vanB genes for up to one month under the VBNC state. In E. hirae and E. faecalis, pbp5 mRNA remained detectable for up to 3 months, indicating prolonged viability, while E. faecium expressed it for only 2 weeks, suggesting a shorter VBNC state. E. faecium showed limited resuscitation capability and rapid cell death, with few cells persisting in the VBNC state. In contrast, E. faecalis and E. hirae had greater resuscitation potential, sustaining the VBNC state for up to three months. Approximately 1 in 10,000 cells could regain cultivability shortly after entering the VBNC state (Lleò et al., 2000). Another study used SYTO9+PMA-qPCR to assess the viability of E. faecalis cells, evaluating cell membrane integrity over 10 days until no cultivable cells were detected (E et al., 2015). The authors used primers targeting the pbp5 gene, which encodes a protein involved in peptidoglycan synthesis. Cells in the VBNC state were prepared for TEM and SEM analyses to assess their morphological changes and binding ability to dentin, respectively. Moreover, the acid production ability of the VBNC state cells was monitored every three days. In addition to successfully inducing the VBNC state in E. faecalis after 15–30 days, the study revealed significant differences in morphology, glycometabolism, and adhesion properties between VBNC cells and E. faecalis in its exponential growth phase. E. faecalis could not break down lactose, D-mannitol, or D-sorbitol but metabolized sucrose. Using TEM analysis, the authors observed significant changes in the morphology of VBNC E. faecalis cells. The cytoplasmic matrix appeared condensed, and the cells took on an irregular shape, while the cell membranes remained intact. Interestingly, they also found a reduction in E. faecalis’s adhesion ability, but not for VBNC E. faecalis cells that were still able to adhere to tooth dentine (Postnikova et al., 2015). Sterzenbach et al. developed a LIVE/DEAD qPCR method using modified Propidium Monoazide (PMAxx) to distinguish between viable and nonviable E. faecalis in dental hard tissues. PMAxx is a new and improved version of the popular viability dye PMA. Root canals were colonized with E. faecalis for three weeks, followed by bacterial inactivation in half of the samples through thermal heating. Samples were treated with varying concentrations of PMAxx, pre-incubated for 30 or 60 min, and cross-linked with DNA using blue light for the same durations. The results confirmed that the untreated viable group showed maximum DNA detection, while PMAxx-treated samples helped assess the bacteria’s viability status by distinguishing live from dead bacterial DNA based on fluorescence and qPCR data. DNA data from ground tooth samples were extracted and analyzed by qPCR to quantify bacterial DNA using a standard curve. qPCR was performed on DNA extracted from tooth samples, with bacterial counts determined from both pellet and supernatant fractions. They recommended this method as useful for evaluating microbial presence in dentin and other hard tissues (Sterzenbach et al., 2024). Therefore, during the VBNC state and low-nutrient sealed environment of root canals, E. faecalis maintains its viability and pathogenicity through various biochemical and structural adaptations, including changes in peptidoglycan, lipoteichoic acid levels, and penicillin-binding proteins. Additionally, E. faecalis can form biofilms, which further enhance its resilience by protecting bacteria from environmental stresses and antibiotic treatments. This adaptation allows E. faecalis to persist in challenging conditions, making it a significant contributor to chronic infections in endodontic therapy.




8.3 VBNC state in H. pylori and Helicobacter-like organisms (Campylobacter spp.)

The oral cavity is considered a potential reservoir for H. pylori, which may enter the human body through the mouth and establish lifelong colonization in gastric tissue (Mao et al., 2021). Similarly, positive PCR results could result from H. pylori DNA entering the oral cavity via hiccups or contamination through food and water (Mao et al., 2021). Few studies have investigated the VBNC state in oral H. pylori, perhaps due to the low prevalence of H. pylori in the oral cavity. This low prevalence results from H. pylori transient presence in the oral cavity, in addition to the dental plaque microenvironment not supporting its growth. Some studies have detected H. pylori in dental plaque and linked its presence to gastroesophageal diseases and poor oral health (Morales-Espinosa et al., 2009; Silva et al., 2010), while others argue that the oral cavity is not a reservoir for the bacterium, with no solid evidence of its isolation (Olivier et al., 2006; Silva-Rossi-Aguiar et al., 2009). Attempts to culture H. pylori from the oral cavity have been unsuccessful, raising doubts about its presence and transmission in the mouth (Al-Ahmad et al., 2010). A study investigating the prevalence of H. pylori in the oral compartments of infected patients found that despite the high sensitivity of PCR, the bacterium was undetectable in most oral samples, with no correlation to oral health or stomach infection (Al-Ahmad et al., 2012). This suggests that H. pylori may only transiently reside in saliva and dental plaque rather than being a permanent resident. Further research has explored how H. pylori survives in human saliva and how oral microorganisms influence its survival (Scholz et al., 2025). Two H. pylori strains, were cultured in pooled human saliva or Brucella broth formula (BBF), either alone or with oral microorganisms like Streptococcus mutans, Lacticaseibacillus casei, Streptococcus oralis, Actinomyces naeslundii, and Candida dubliniensis. The two strains were KE 88-3887, a motile derivative of H. pylori 26695 and SS1 (H. pylori Sidney Strain 1), which was originally isolated from a gastric mucosa biopsy of an H. pylori-positive patient (Lee et al., 1997). The results showed that H. pylori KE 88-3887 survived longer in co-culture with as S. mutans and A. naeslundii, but could not be cultured after 168 hours. H. pylori SS1 remained viable after 168 hours when co-cultured with S. mutans and C. dubliniensis, but not in mono-culture. These findings suggest that H. pylori can transiently survive in human saliva with certain oral microorganisms but is not a permanent member of the oral microbiota. All in all, the literature on H. pylori to date describes the detection of this bacterium using molecular biological or biochemical methods. The isolation of oral strains of H. pylori has not been described in the literature to date, as described in a detailed review published by our group (Mao et al., 2021). In this aforementioned review, it became clear that the previous detection of H. pylori in the oral cavity is more likely due to the fact that it is transient in the oral cavity. However, one reason for the previous absence of oral H. pylori strains could be the conversion of this germ into VBNC in the oral cavity, as discussed in this review.

Site-specific factors, such as pH value and nutrient availability, may influence the ability of H. pylori to survive in the mouth (Oshowo et al., 1998). Since H. pylori typically resides in the gastric mucosa, the bacterium is likely to prefer mucosal epithelial areas within the mouth over dental plaque. Furthermore, certain bacterial species in the oral cavity may inhibit H. pylori growth. However, H. pylori exhibits selective adherence to Fusobacterium spp. as an important bridging microorganism connecting non-coaggregating bacteria such as H. pylori in dental plaque and their establishment within the plaque matrix (Andersen et al., 1998). Few studies have demonstrated the connection between periodontitis-associated bacteria and H. pylori presence in the oral cavity (Hu et al., 2016). Studies have indicated that P. gingivalis, T. denticola, and P. intermedia are more prevalent in H. pylori-positive individuals than in H. pylori-negative ones (Kadota et al., 2020). A recent study suggests that H. pylori elimination from the oral cavity is crucial to prevent its colonization in the stomach, particularly in patients with periodontitis (Umeda et al., 2003). Dental plaque biofilms shield H. pylori from systemic antimicrobial treatments, rendering it resistant to such therapies (Gebara et al., 2006). Researchers suggest that H. pylori recolonizing the gastric mucosa from dental plaque remains unaffected by synthetic antimicrobials. Thus, periodontal therapies targeting microbial deposits, including H. pylori, within dental plaques are essential for effective management (López-Valverde et al., 2022). H. pylori can adapt to harsh oral conditions in response to synergistic interactions with oral microorganisms by transitioning to a VBNC or dormant state. An example of this is its symbiotic relationship with Candida, where fragments of H. pylori genes are found in the DNA of oral yeasts. This suggests that Candida aids in re-inoculating H. pylori in the stomach or transmitting it to new hosts (Costa et al., 2024). A study detected Streptococcus mitis in human gastric biopsies and showed that it induced H. pylori to transform into a VBNC coccoid form while enhancing its own cultivability in coculture (Khosravi et al., 2014). Another study extended the analysis by examining the varying protein profiles of H. pylori and S. mitis in a multispecies environment. In cocultivated H. pylori, proteins associated with RNA degradation, DNA repair mechanisms, and LPS biosynthesis increased, while those involved in energy production, translation, metabolism, and cell signaling decreased. While the coccoid transformation of H. pylori is expected, the increased survival of S. mitis suggests a potential pathogenic role that warrants further investigation in the gastric environment (Khosravi et al., 2016). Coccoid H. pylori exhibits reduced metabolic enzyme levels but maintains high levels of DNA biosynthesis proteins. Although it cannot be cultivated in vitro, the coccoid form shows stronger antiproliferative and weaker proapoptotic effects compared to its spiral form, suggesting a potential role in gastric cancer progression (Li et al., 2013).

Eradicating H. pylori effectively reduces gastric cancer risk, but recurrence remains a global concern, particularly in underdeveloped regions with a high prevalence. Recurrence within a year is often classified as relapse, while reinfection typically occurs later, driven by socioeconomic and environmental factors (Zhang et al., 2024). Recurrence rates vary widely, ranging from 0.2%–6.2% in developed countries to 2.2%–73% in developing regions (Yan et al., 2013; Hu et al., 2017). A 2024 study by Zhang et al. reported a 1-year recurrence rate of 3.2%, attributed to poor sanitation and regional differences (Zhang et al., 2024). Addressing these disparities is essential to mitigating H. pylori-associated risks globally. Recurrence and reinfection are key processes by which H. pylori reemerges after successful eradication, with patients potentially reinfected with either the same strain or a different one (Adachi et al., 2002). Ahuja-Vineet et al. demonstrated that the recurrence rate is significantly higher with imidazole-based treatments, such as nitroimidazole and ranitidine bismuth citrate, compared to non-imidazole regimens, such as furazolidone (Salcedo and Al-Kawas, 1998; Hildebrand et al., 2001). Low-efficacy therapy regimens often temporarily reduce H. pylori levels in the gastric mucosa, thus contributing to recurrence. The VBNC state of H. pylori is closely linked to treatment failures, recurrent infections, and poor clinical outcomes (Salcedo and Al-Kawas, 1998; Ahuja and Sharma, 2002). Oral H. pylori may colonize the oral cavity as a non-cultivable form if supragingival plaque contains low levels of AI-2 (Krzyżek and Gościniak, 2018), so identifying H. pylori in the oral cavity as a potential reservoir could provide an effective strategy for its complete eradication (Zhang et al., 2022). H. pylori can transition into a VBNC state when exposed to stressors, such as anaerobic environments, nutrient deprivation, or prolonged liquid culture, adopting a spherical shape and losing cultivability (Hirukawa et al., 2018). While its virulence decreases compared to its helical form, VBNC H. pylori retains pathogenicity, as shown by its ability to colonize mouse gastric walls and induce mucosal damage (Cellini et al., 1994). As shown in Figure 3, it may temporarily transfer from the stomach to the oral cavity during gastroesophageal reflux or hiccups, but the oral cavity’s unfavorable conditions, such as unstable temperatures, high oxygen levels, and microbial competition, promote the transition to the VBNC state. This transition involves physiological and morphological changes, complicating viability assessments in antibacterial studies. In biofilms, factors like temperature fluctuations, low nutrients (Bowen et al., 2018), acidity, hypoxia (Krzyżek et al., 2020), and interactions with other oral bacteria further enhance H. pylori’s survival and resistance, allowing it to persist in dental plaque biofilms, carious cavities, and periodontal pockets. VBNC state-like coccoid forms of H. pylori have been identified in oral samples (Hirsch et al., 2012; Cieplik et al., 2019), suggesting enhanced resistance to harsh conditions (Zhang et al., 2022). When swallowed and re-entering the stomach, H. pylori can resuscitate, leading to reinfection, therapy failures, and the development of chronic ulcers and gastritis. The VBNC state poses substantial clinical challenges because these forms cannot be cultivated using conventional microbiological methods. Furthermore, H. pylori can adhere to and invade oral cells, interacting synergistically with other oral microorganisms to exacerbate inflammation and potentially contribute to periodontitis.




Figure 3 | The oral cavity as a potential source of H. pylori gastric reinfection. H. pylori can transiently transfer from the stomach (1) to the oral cavity during reflux events (2) and persist in dental plaque, caries, and periodontal pockets by transitioning into a coccoid VBNC state to adapt to adverse oral conditions (3). Upon swallowing, H. pylori can resuscitate in the stomach (4), contributing to reinfection, therapy failures (5), and chronic gastric diseases. The VBNC state is difficult to cultivate (6), and H. pylori synergistically interacts with oral microbes, exacerbating inflammation and potentially contributing to periodontitis (7). (H. pylori: Helicobacter pylori, VBNC: viable but non-cultivable).



Hirukawa et al. studied the transition of H. pylori from the microaerophilic stomach into the anaerobic intestinal environment, which resembles the gingival pocket and dental plaque environment (Hirukawa et al., 2018). The authors examined the morphological changes induced by anaerobiosis in H. pylori using SEM and differentiated the results in all forms of H. pylori using the western blot technique. Urease activity remained in all forms of H. pylori, but a loss of motility and the cytotoxin-associated antigen (cagA) secretion system were observed during its transition to the VBNC state (Hirukawa et al., 2018). The long chromosomal region in H. pylori known as cagPAI codes the type IV secretion system (T4SS) and the 125–145 kDa effector protein CagA. T4SS facilitates the translocation of CagA into gastric epithelial cells (Tegtmeyer et al., 2011). H. pylori types that carry cagPAI and express CagA are extremely virulent, while cagPAI negative strains of H. pylori are less virulent. Some illnesses, including chronic gastritis, peptic ulcer diseases, and stomach cancer, have been linked to H. pylori strains that produce CagA (Ahmadzadeh et al., 2015).

Since H. pylori has not yet been cultivated in the oral cavity, reliable detection requires a combination of molecular, biochemical, and immunological assays to reduce false-positive results in this environment (Mao et al., 2021). One of the most difficult issues with H. pylori is its ability to transform from a spiral to a coccoid form in response to environmental stressors or antibiotics, during which the bacteria become unable to revive the coccoid form of infection (Cellini et al., 1994). Amoxicillin effectively inhibits the spiral form of H. pylori, while a 2x MIC of amoxicillin has no bactericidal effect on the coccoid form. SpoT, the main transcriptional regulator, plays a crucial role not only in the persistence of H. pylori but also in its ability to evade phagocytosis by macrophages. Similar to other VBNC bacteria, H. pylori shows no capacity for multiplication and minimal metabolic activity, raising the possibility of drug-resistant and recurrent infections (Ozcakir, 2007). The VBNC state of H. pylori was studied using ½ MIC of amoxicillin (after 144 h), and then confirmed by Gram-staining and flow cytometry using propidium iodide. A lower rate of cagE and babA (Poursina et al., 2013), as well as an increase in spoT (Poursina et al., 2018), was observed in the non-cultivable coccoid form of H. pylori compared to the spiral. Therefore, VBNC state H. pylori may induce chronic infection through the (low but still) activity of cagE and babA and to confer antibiotic resistance through high-level expression of spoT. Young et al. analyzed the morphological changes of H. pylori in gastric biopsies and supragingival dental plaque using SEM (Young et al., 2001). The authors prepared beads comprising bacterial aggregates and studied them using SEM and PCR for the urease gene. However, their study was the first to visualize H. pylori in dental plaque through SEM and revealed no morphological differences in H. pylori cells between gastric biopsy and dental plaque samples (Young et al., 2001). The association between the coccoid form of H. pylori and its VBNC state seems to be a controversial subject because the coccoid forms of H. pylori are categorized into three types based on their morphology: the degenerative coccoid form (dying organisms), viable coccoid bacteria capable of cultivation in agar medium; and the VBNC state of H. pylori incapable of growth on agar (Saito et al., 2003). In this situation, metabolic activity assessment using flow cytometry may be a good method for differentiating among these different coccoid forms. The metabolic rate of coccoid forms is notably reduced when compared to spiral forms, but it is not completely stopped. To assess protein synthesis in the VBNC state of H. pylori, Loke et al.’s findings through Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH-MS) showed that most of the proteins involved in DNA replication, cell division, and biosynthesis are still produced in the VBNC state (Loke et al., 2016; Zhao et al., 2016).

Campylobacter spp. are extremely difficult to cultivate and can enter a VBNC state under stress conditions, such as low temperatures, oxygen exposure, and nutrient deprivation. This state has been observed in both environmental and clinical strains, with its occurrence being strain dependent. Notably, the VBNC state may reverse after passage through a host, as demonstrated in strains isolated from broiler house soil (Santos et al., 2023). A C. jejuni strain required 38 days to transition into the VBNC state, highlighting the need for further research on its prolonged viability and associated food safety risks. This transition involves morphological and metabolic adaptations, including modifications in the cell wall, membrane, and capsule structure, which enhance survival under adverse conditions (Chaisowwong et al., 2012). Notably, VBNC C. jejuni hyper-expresses 2,4-di-tert-butylphenol, an antioxidant phenol compound that mitigates DNA damage from oxidative stress caused by agents like hydrogen peroxide, thereby supporting cell viability (Santos et al., 2023). Beyond C. jejuni, the ability to enter the VBNC state has also been documented in C. hepaticus, C. coli, and C. lari (Dong et al., 2019; Lv et al., 2020; Phung et al., 2022)—findings for C. hepaticus were discussed earlier in the nonmedical context of VBNC. The ability of Campylobacter concisus to enter the VBNC state was examined through a 3-week incubation at 4°C. Wahid et al. detected the viability of C. concisus using PMAxx-qPCR (DNA gyrase subunit B). The VBNC state lasted for 9–15 days, and analysis of cell morphology through viability assay and TEM showed a conversion to smaller coccid cells (Wahid et al., 2024).

Although further genomic and proteomic studies are needed to clarify VBNC state resuscitation mechanisms, factors promoting the resuscitation of C. jejuni, C. coli, C. hepaticus, and C. concisus VBNC cells include animal models, enriched media with supplements such as ferrous sulfate, sodium metabisulfite, sodium pyruvate, and ʟ-cysteine (Chou et al., 1983; Phung et al., 2022), as well as temperature upshifting and modified Campylobacter-selective agar (Vilhena et al., 2019). Pyruvate aids resuscitation by scavenging ROS, preventing lipid peroxidation (Pan and Ren, 2022), and stimulating DNA and protein biosynthesis (Zhang et al., 2021). In their study, significant morphological changes were observed between resuscitated cells, cells in the exponential growth phase and campylobacter in the VBNC state using LM, CLSM, and TEM. Resuscitated and exponential-phase cells displayed elongated rod or arc shapes, while VBNC Campylobacter species transformed into short rods or cocci with irregular and distorted morphologies (Wahid et al., 2024).

In summary, the oral cavity serves as a potential reservoir for H. pylori and Campylobacter spp., where they can survive by forming a supportive microenvironment, such as dental plaque. The ability of these bacteria to enter a VBNC state allows them to persist in the oral cavity despite the lack of ideal growth conditions. This state enables H. pylori to evade detection and survive environmental stresses, including the use of antibiotics, which markedly contribute to the challenges of complete eradication. Moreover, the VBNC state of H. pylori is associated with recurrent infections and poor clinical outcomes, as it maintains minimal metabolic activity but retains the potential for chronic infection and antibiotic resistance. Identifying H. pylori in the oral cavity may offer critical insights into its persistence and pathogenesis, providing an avenue for more effective strategies for eradication.





9 Conclusions and future research directions

The VBNC state is widely recognized as a defense mechanism that enables bacteria to withstand various stressors, including pasteurization, antibiotics, and oxidation. Deeper insights into the VBNC state of bacteria and the underlying mechanisms are crucial for managing the environment, food safety, agricultural productivity, and healthcare settings. Although studies are abundant in this regard, further investigations are still required to understand the precise mechanism of the formation and resuscitation of VBNC cells in general. This is because the mixed system used in the studies conducted so far, which includes dead, cultivable, and damaged cells, causes interferences, resulting in many gaps in knowledge. As a result, future studies should prioritize separating VBNC cells from mixture systems. While several detection techniques have been established, each has its own advantages and drawbacks, necessitating the development of new techniques that are quick, sensitive, affordable, and simple to use to identify VBNC cells. Given the advantages and drawbacks of each technique, employing multiple methods is often necessary rather than relying on a single approach. Determining the proper and optimum dosage of dye concentrations, such as PMA, is essential for accurate viable cell quantification and to prevent false-negative results. Utilizing excessive or low concentrations of PMA can lead to estimation errors by either inhibiting DNA amplification in living cells or failing to adequately suppress the signal from dead cells. The VBNC state has been reported in only a few oral bacteria, despite the oral biofilm containing more than 700 different bacterial species. Therefore, future studies should intensively search for the VBNC state in the oral cavity. This is particularly important because antimicrobial mouthwashes, such as those containing chlorhexidine digluconate and cetylpyridinium chloride, are commonly used and can serve as key stress factors for oral microorganisms. Particular attention should be given to H. pylori, which may exist in the oral cavity in a transient active but nongrowing form, potentially playing a crucial role in its infection cycle.





Author contributions

MM: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. KS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – review & editing. FC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – review & editing. AA-A: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

The authors thank Dr. Sibylle Bartsch of University Medical Center Freiburg for her contributions to the completion of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Abisado, R. G., Benomar, S., Klaus, J. R., Dandekar, A. A., and Chandler, J. R. (2018). Bacterial quorum sensing and microbial community interactions. mBio 9, 10–1128. doi: 10.1128/mBio.02331-17

 Adachi, M., Mizuno, M., Yokota, K., Miyoshi, M., Nagahara, Y., Maga, T., et al. (2002). Reinfection rate following effective therapy against Helicobacter pylori infection in Japan. J. Gastroenterol. Hepatol. 17, 27–31. doi: 10.1046/j.1440-1746.2002.02666.x

 Adams, B. L., Bates, T. C., and Oliver, J. D. (2003). Survival of Helicobacter pylori in a natural freshwater environment. Appl. Environ. Microbiol. 69, 7462–7466. doi: 10.1128/AEM.69.12.7462-7466.2003

 Ahmadzadeh, A., Ghalehnoei, H., Farzi, N., Yadegar, A., Alebouyeh, M., Aghdaei, H. A., et al. (2015). Association of CagPAI integrity with severeness of Helicobacter pylori infection in patients with gastritis. Pathol. Biol. 63, 252–257. doi: 10.1016/j.patbio.2015.09.004

 Ahuja, V., and Sharma, M. P. (2002). High recurrence rate of Helicobacter pylori infection in developing countries. Gastroenterology 123, 653–654. doi: 10.1053/gast.2002.35224

 Al-Ahmad, A., Hellwig, E., Wittmer, A., Kist, M., and Waidner, B. (2010). Letter to the editor: re: “The impact of the stone age diet on gingival conditions in the absence of oral hygiene. J. Periodontol. 81, 338. doi: 10.1902/jop.2010.090546

 Al-Ahmad, A., Kürschner, A., Weckesser, S., Wittmer, A., Rauberger, H., Jakob, T., et al. (2012). Is Helicobacter pylori resident or transient in the human oral cavity? J. Med. Microbiol. 61, 1146–1152. doi: 10.1099/jmm.0.043893-0

 Alam, M., Sultana, M., Nair, G. B., Siddique, A. K., Hasan, N. A., Sack, R. B., et al. (2007). Viable but nonculturable Vibrio cholerae O1 in biofilms in the aquatic environment and their role in cholera transmission. Proc. Natl. Acad. Sci. 104, 17801–17806. doi: 10.1073/pnas.0705599104

 Alexander, E., Pham, D., and Steck, T. R. (1999). The viable-but-nonculturable condition is induced by copper in Agrobacterium tumefaciens and Rhizobium leguminosarum. Appl. Environ. Microbiol. 65, 3754–3756. doi: 10.1128/AEM.65.8.3754-3756.1999

 Alghamdi, F., and Shakir, M. (2020). The influence of enterococcus faecalis as a dental root canal pathogen on endodontic treatment: A systematic review. Cureus 12, e7257. doi: 10.7759/cureus.7257

 Altaie, A. M., Saddik, B., Alsaegh, M. A., Soliman, S. S. M., Hamoudi, R., and Samaranayake, L. P. (2021). Prevalence of unculturable bacteria in the periapical abscess: A systematic review and meta-analysis. PloS One 16, e0255485. doi: 10.1371/journal.pone.0255485

 Alvarez, G., González, M., Isabal, S., Blanc, V., and León, R. (2013). Method to quantify live and dead cells in multi-species oral biofilm by real-time PCR with propidium monoazide. AMB. Express. 3, 1. doi: 10.1186/2191-0855-3-1

 Amel, B. K., Amine, B., and Amina, B. (2008). Survival of Vibrio fluvialis in seawater under starvation conditions. Microbiol. Res. 163, 323–328. doi: 10.1016/j.micres.2006.06.006

 Andersen, R. N., Ganeshkumar, N., and Kolenbrander, P. E. (1998). Helicobacter pylori adheres selectively to Fusobacterium spp. Oral. Microbiol. Immunol. 13, 51–54. doi: 10.1111/j.1399-302X.1998.tb00751.x

 Andryukov, B., Somova, L. M., Matosova, E. V., and Lyapun, I. N. (2019). Phenotypic plasticity as a strategy of bacterial resistance and an object of advanced antimicrobial technologies. Современные. технологии. в медицине. 11, 164–180. doi: 10.17691/stm2019.11.2.22

 Asakura, H., Kawamoto, K., Haishima, Y., Igimi, S., Yamamoto, S., and Makino, S. (2008). Differential expression of the outer membrane protein W (OmpW) stress response in enterohemorrhagic Escherichia coli O157:H7 corresponds to the viable but non-culturable state. Res. Microbiol. 159, 709–717. doi: 10.1016/j.resmic.2008.08.005

 Asakura, H., Panutdaporn, N., Kawamoto, K., Igimi, S., Yamamoto, S., and Makino, S. (2007). Proteomic characterization of enterohemorrhagic escherichia coli O157:H7 in the oxidation-induced viable but non-culturable state. Microbiol. Immunol. 51, 875–881. doi: 10.1111/j.1348-0421.2007.tb03969.x

 Aurass, P., Prager, R., and Flieger, A. (2011). EHEC/EAEC O104:H4 strain linked with the 2011 German outbreak of haemolytic uremic syndrome enters into the viable but non-culturable state in response to various stresses and resuscitates upon stress relief. Environ. Microbiol. 13, 3139–3148. doi: 10.1111/j.1462-2920.2011.02604.x

 Aynapudi, J., et al. (2017). Involvement of signal peptidase I in Streptococcus sanguinis biofilm formation. Microbiol. (Reading). 163, 1306–1318. doi: 10.1099/mic.0.000516

 Ayrapetyan, M., Williams, T. C., Baxter, R., and Oliver, J. D. (2015a). Viable but nonculturable and persister cells coexist stochastically and are induced by human serum. Infect. Immun. 83, 4194–4203. doi: 10.1128/IAI.00404-15

 Ayrapetyan, M., and Oliver, J. D. (2016). The viable but non-culturable state and its relevance in food safety. Curr. Opin. Food Sci. 8, 127–133. doi: 10.1016/j.cofs.2016.04.010

 Ayrapetyan, M., Williams, T. C., and Oliver, J. D. (2014). Interspecific quorum sensing mediates the resuscitation of viable but nonculturable vibrios. Appl. Environ. Microbiol. 80, 2478–2483. doi: 10.1128/AEM.00080-14

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

 Ayrapetyan, M., Williams, T., and Oliver, J. D. (2018). Relationship between the viable but nonculturable state and antibiotic persister cells. J. Bacteriol. 200, 10–128. doi: 10.1128/JB.00249-18

 Baffone, W., Citterio, B., Vittoria, E., Casaroli, A., Campana, R., Falzano, L., et al. (2003). Retention of virulence in viable but non-culturable halophilic Vibrio spp. Int. J. Food Microbiol. 89, 31–39. doi: 10.1016/S0168-1605(03)00102-8

 Baffone, W., Casaroli, A., Citterio, B., Pierfelici, L., Campana, R., Vittoria, E., et al. (2006). Campylobacter jejuni loss of culturability in aqueous microcosms and ability to resuscitate in a mouse model. Int. J. Food Microbiol. 107, 83–91. doi: 10.1016/j.ijfoodmicro.2005.08.015

 Bamford, R. A., Smith, A., Metz, J., Glover, G., Titball, R. W., and Pagliara, S. (2017). Investigating the physiology of viable but non-culturable bacteria by microfluidics and time-lapse microscopy. BMC Biol. 15, 121. doi: 10.1186/s12915-017-0465-4

 Banihashemi, A., Van Dyke, M. I., and Huck, P. M. (2012). Long-amplicon propidium monoazide-PCR enumeration assay to detect viable Campylobacter and Salmonella. J. Appl. Microbiol. 113, 863–873. doi: 10.1111/j.1365-2672.2012.05382.x

 Bao, Q., Bo, X., Chen, L., Ren, Y., Wang, H., Kwok, L. Y., et al. (2023). Comparative Analysis Using Raman Spectroscopy of the Cellular Constituents of Lacticaseibacillus paracasei Zhang in a Normal and Viable but Nonculturable State. Microorganisms 11, 1266. doi: 10.3390/microorganisms11051266

 Behera, H. S., Chayani, N., Bal, M., Khuntia, H. K., Pati, S., Das, S., et al. (2021). Identification of population of bacteria from culture negative surgical site infection patients using molecular tool. BMC Surg. 21, 28. doi: 10.1186/s12893-020-01016-y

 Ben Said, M., Masahiro, O., and Hassen, A. (2010). Detection of viable but non cultivable Escherichia coli after UV irradiation using a lytic Qbeta phage. Ann. Microbiol. 60, 121–127. doi: 10.1007/s13213-010-0017-4

 Boehnke, K. F., Eaton, K. A., Fontaine, C., Brewster, R., Wu, J., Eisenberg, J. N. S., et al. (2017). Reduced infectivity of waterborne viable but nonculturable Helicobacter pylori strain SS1 in mice. Helicobacter 22, e12391. doi: 10.1111/hel.2017.22.issue-4

 Boers, S. A., Jansen, R., and Hays, J. P. (2019). Understanding and overcoming the pitfalls and biases of next-generation sequencing (NGS) methods for use in the routine clinical microbiological diagnostic laboratory. Eur. J. Clin. Microbiol. Infect. Dis. 38, 1059–1070. doi: 10.1007/s10096-019-03520-3

 Bowen, W. H., et al. (2018). Oral biofilms: pathogens, matrix, and polymicrobial interactions in microenvironments. Trends Microbiol. 26, 229–242. doi: 10.1016/j.tim.2017.09.008

 Brackman, G., Defoirdt, T., Miyamoto, C., Bossier, P., Van Calenbergh, S., Nelis, H., et al. (2008). Cinnamaldehyde and cinnamaldehyde derivatives reduce virulence in Vibrio spp. by decreasing the DNA-binding activity of the quorum sensing response regulator LuxR. BMC Microbiol. 8, 149. doi: 10.1186/1471-2180-8-149

 Braissant, O., Astasov-Frauenhoffer, M., Waltimo, T., and Bonkat, G. (2020). A review of methods to determine viability, vitality, and metabolic rates in microbiology. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.547458

 Breeuwer, P., and Abee, T. (2000). Assessment of viability of microorganisms employing fluorescence techniques. Int. J. Food Microbiol. 55, 193–200. doi: 10.1016/S0168-1605(00)00163-X

 Bronowski, C., James, C. E., and Winstanley, C. (2014). Role of environmental survival in transmission of Campylobacter jejuni. FEMS Microbiol. Lett. 356, 8–19. doi: 10.1111/fml.2014.356.issue-1

 Bruhn-Olszewska, B., Szczepaniak, P., Matuszewska, E., Kuczyńska-Wiśnik, D., Stojowska-Swędrzyńska, K., Moruno Algara, M., et al. (2018). Physiologically distinct subpopulations formed in Escherichia coli cultures in response to heat shock. Microbiol. Res. 209, 33–42. doi: 10.1016/j.micres.2018.02.002

 Buse, H. Y., Donohue, M. J., and Ashbolt, N. J. (2013). Hartmannella vermiformis inhibition of Legionella pneumophila cultivability. Microb. Ecol. 66, 715–726. doi: 10.1007/s00248-013-0250-z

 Byrd, J. J., Xu, H. S., and Colwell, R. R. (1991). Viable but nonculturable bacteria in drinking water. Appl. Environ. Microbiol. 57, 875–878. doi: 10.1128/aem.57.3.875-878.1991

 Canepari, P., Lleò, M. M., Cornaglia, G., Fontana, R., and Satta, G. (1986). In Streptococcus faecium penicillin-binding protein 5 alone is sufficient for growth at sub-maximal but not at maximal rate. J. Gen. Microbiol. 132, 625–631. doi: 10.1099/00221287-132-3-625

 Canepari, P., Lleò, M. M., Fontana, R., and Satta, G. (1987). Streptococcus faecium mutants that are temperature sensitive for cell growth and show alterations in penicillin-binding proteins. J. Bacteriol. 169, 2432–2439. doi: 10.1128/jb.169.6.2432-2439.1987

 Cao, X., Zhao, L., Zhang, J., Chen, X., Shi, L., Fang, X., et al. (2019). Detection of viable but nonculturable Vibrio parahaemolyticus in shrimp samples using improved real-time PCR and real-time LAMP methods. Food Control. 103, 145–152. doi: 10.1016/j.foodcont.2019.04.003

 Cellini, L., Allocati, N., Angelucci, D., Iezzi, T., Di Campli, E., Marzio, L., et al. (1994). Coccoid Helicobacter pylori not culturable in vitro reverts in mice. Microbiol. Immunol. 38, 843–850. doi: 10.1111/j.1348-0421.1994.tb02136.x

 Chaisowwong, W., Kusumoto, A., Hashimoto, M., Harada, T., Maklon, K., and Kawamoto, K. (2012). Physiological characterization of Campylobacter jejuni under cold stresses conditions: its potential for public threat. J. Vet. Med. Sci. 74, 43–50. doi: 10.1292/jvms.11-0305

 Chakvetadze, C., Purcarea, A., Pitsch, A., Chelly, J., and Diamantis, S. (2017). Detection of Fusobacterium nucleatum in culture-negative brain abscess by broad-spectrum bacterial 16S rRNA Gene PCR. IDCases 8, 94–95. doi: 10.1016/j.idcr.2017.04.013

 Chaveerach, P., ter Huurne, A. A., Lipman, L. J., and van Knapen, F. (2003). Survival and resuscitation of ten strains of Campylobacter jejuni and Campylobacter coli under acid conditions. Appl. Environ. Microbiol. 69, 711–714. doi: 10.1128/AEM.69.1.711-714.2003

 Cheng, M. S., Lau, S. H., Chow, V. T., and Toh, C. S. (2011). Membrane-based electrochemical nanobiosensor for escherichia coli detection and analysis of cells viability. Environ. Sci. Technol. 45, 6453–6459. doi: 10.1021/es200884a

 Chopra, A., Franco-Duarte, R., Rajagopal, A., Choowong, P., Soares, P., Rito, T., et al. (2024). Exploring the presence of oral bacteria in non-oral sites of patients with cardiovascular diseases using whole metagenomic data. Sci. Rep. 14, 1476. doi: 10.1038/s41598-023-50891-x

 Chou, S. P., Dular, R., and Kasatiya, S. (1983). Effect of ferrous sulfate, sodium metabisulfite, and sodium pyruvate on survival of Campylobacter jejuni. J. Clin. Microbiol. 18, 986–987. doi: 10.1128/jcm.18.4.986-987.1983

 Cieplik, F., Steinwachs, V. S., Muehler, D., Hiller, K. A., Thurnheer, T., Belibasakis, G. N., et al. (2018). Phenalen-1-one-mediated antimicrobial photodynamic therapy: antimicrobial efficacy in a periodontal biofilm model and flow cytometric evaluation of cytoplasmic membrane damage. Front. Microbiol. 9, 688. doi: 10.3389/fmicb.2018.00688

 Cieplik, F., Kara, E., Muehler, D., Enax, J., Hiller, K. A., Maisch, T., et al. (2019). Antimicrobial efficacy of alternative compounds for use in oral care toward biofilms from caries-associated bacteria in vitro. Microbiologyopen 8, e00695. doi: 10.1002/mbo3.2019.8.issue-4

 Colombo, A. P., Bennet, S., Cotton, S. L., Goodson, J. M., Kent, R., Haffajee, A. D., et al. (2012). Impact of periodontal therapy on the subgingival microbiota of severe periodontitis: comparison between good responders and individuals with refractory periodontitis using the human oral microbe identification microarray. J. Periodontol. 83, 1279–1287. doi: 10.1902/jop.2012.110566

 Colwell, R. R., Brayton, P. R., Grimes, D. J., Roszak, D. B., Huq, S. A., and Palmer, L. M. (1985). Viable but Non-Culturable Vibrio cholerae and Related Pathogens in the Environment: Implications for Release of Genetically Engineered Microorganisms. Bio/Technology 3, 817–820. doi: 10.1038/nbt0985-817

 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. doi: 10.1111/j.1365-2672.2006.03285.x

 Costa, R. C., Bertolini, M., Costa Oliveira, B. E., Nagay, B. E., Dini, C., Benso, B., et al. (2023). Polymicrobial biofilms related to dental implant diseases: unravelling the critical role of extracellular biofilm matrix. Crit. Rev. Microbiol. 49, 370–390. doi: 10.1080/1040841X.2022.2062219

 Costa, L. C. M. C., Carvalho, M. D. G., Vale, F. F., Marques, A. T., Rasmussen, L. T., Chen, T., et al. (2024). Helicobacter pylori in oral cavity: current knowledge. Clin. Exp. Med. 24, 209. doi: 10.1007/s10238-024-01474-1

 Coutard, F., Lozach, S., Pommepuy, M., and Hervio-Heath, D. (2007). Real-time reverse transcription-PCR for transcriptional expression analysis of virulence and housekeeping genes in viable but nonculturable Vibrio parahaemolyticus after recovery of culturability. Appl. Environ. Microbiol. 73, 5183–5189. doi: 10.1128/AEM.02776-06

 Cunningham, E., O’Byrne, C., and Oliver, J. D. (2009). Effect of weak acids on Listeria monocytogenes survival: Evidence for a viable but nonculturable state in response to low pH. Food Control. 20, 1141–1144. doi: 10.1016/j.foodcont.2009.03.005

 Dawson, C. C., Intapa, C., and Jabra-Rizk, M. A. (2011). Persisters”: survival at the cellular level. PloS Pathog. 7, e1002121. doi: 10.1371/journal.ppat.1002121

 Day, A. P., and Oliver, J. D. (2004). Changes in membrane fatty acid composition during entry of Vibrio vulnificus into the viable but nonculturable state. J. Microbiol. 42, 69–73.

 de Carvalho, C. C., Wick, L. Y., and Heipieper, H. J. (2009). Cell wall adaptations of planktonic and biofilm Rhodococcus erythropolis cells to growth on C5 to C16 n-alkane hydrocarbons. Appl. Microbiol. Biotechnol. 82, 311–320. doi: 10.1007/s00253-008-1809-3

 Decker, E. M. (2001). The ability of direct fluorescence-based, two-colour assays to detect different physiological states of oral streptococci. Lett. Appl. Microbiol. 33, 188–192. doi: 10.1046/j.1472-765x.2001.00971.x

 del Campo, R., Russi, P., Mara, P., Mara, H., Peyrou, M., de León, I. P., et al. (2009). Xanthomonas axonopodis pv. citri enters the VBNC state after copper treatment and retains its virulence. FEMS Microbiol. Lett. 298, 143–148. doi: 10.1111/j.1574-6968.2009.01709.x

 Deng, Y., Liu, J., Li, L., Fang, H., Tu, J., Li, B., et al. (2015). Reduction and restoration of culturability of beer-stressed and low-temperature-stressed Lactobacillus acetotolerans strain 2011-8. Int. J. Food Microbiol. 206, 96–101. doi: 10.1016/j.ijfoodmicro.2015.04.046

 Desnues, B., Cuny, C., Grégori, G., Dukan, S., Aguilaniu, H., and Nyström, T. (2003). Differential oxidative damage and expression of stress defence regulons in culturable and non-culturable Escherichia coli cells. EMBO Rep. 4, 400–404. doi: 10.1038/sj.embor.embor799

 Dhiaf, A., Bakhrouf, A., and Witzel, K. P. (2008). Resuscitation of eleven-year VBNC citrobacter. J. Water Health 6, 565–568. doi: 10.2166/wh.2008.131

 Diaz, P. I., Zilm, P. S., and Rogers, A. H. (2000). The response to oxidative stress of Fusobacterium nucleatum grown in continuous culture. FEMS Microbiol. Lett. 187, 31–34. doi: 10.1111/j.1574-6968.2000.tb09132.x

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

 Ding, T., Li, X., Zhan, H., Li, Y., Li, Z., and Deng, Y. (2024). Quorum Sensing: Its Roles in Mediating Biofilm and Viable but Non-Culturable State Formation, and Strategies for the Prevention and Control of Foodborne Bacteria via Quorum Quenching. Food Sci. Hum. Wellness. doi: 10.26599/FSHW.2024.9250337

 Dinu, L.-D., and Bach, S. (2011). Induction of Viable but Nonculturable Escherichia coli O157:H7 in the Phyllosphere of Lettuce: a Food Safety Risk Factor. Appl. Environ. Microbiol. 77, 8295–8302. doi: 10.1128/AEM.05020-11

 Di Salvo, E., Panebianco, F., Panebianco, A., and Ziino, G. (2023). Quantitative Detection of Viable but Nonculturable Vibrio parahaemolyticus in Frozen Bivalve Molluscs. Foods 12, 2373. doi: 10.3390/foods12122373

 Divol, B., and Lonvaud-Funel, A. (2005). Evidence for viable but nonculturable yeasts in botrytis-affected wine. J. Appl. Microbiol. 99, 85–93. doi: 10.1111/j.1365-2672.2005.02578.x

 Dolezalova, E., and Lukes, P. (2015). Membrane damage and active but nonculturable state in liquid cultures of Escherichia coli treated with an atmospheric pressure plasma jet. Bioelectrochemistry 103, 7–14. doi: 10.1016/j.bioelechem.2014.08.018

 Dong, K., Pan, H., Yang, D., Rao, L., Zhao, L., Wang, Y., et al. (2019). Induction, detection, formation, and resuscitation of viable but non-culturable state microorganisms. Compr. Rev. Food Sci. Food Saf. 19, 149–183. doi: 10.1111/1541-4337.12513

 Downing, K. J., et al. (2005). Mutants of Mycobacterium tuberculosis lacking three of the five rpf-like genes are defective for growth in vivo and for resuscitation in vitro. Infect. Immun. 73, 3038–3043. doi: 10.1128/IAI.73.5.3038-3043.2005

 E, J., Jiang, YT, Yan, PF, and Liang, JP. (2015). Biological changes of Enterococcus faecalis in the viable but nonculturable state. Genet. Mol. Res. 14, 14790–14801. doi: 10.4238/2015.November.18.44

 El-Aziz, N. K. A., Tartor, Y. H., El-Aziz Gharib, A. A., and Ammar, A. M. (2018). Propidium monoazide quantitative real-time polymerase chain reaction for enumeration of some viable but nonculturable foodborne bacteria in meat and meat products. Foodborne. Pathog. Dis. 15, 226–234. doi: 10.1089/fpd.2017.2356

 Fakruddin, M., Mannan, K. S., and Andrews, S. (2013). Viable but nonculturable bacteria: food safety and public health perspective. ISRN. Microbiol. 2013, 703813. doi: 10.1155/2013/703813

 Ferro, S., Amorico, T., and Deo, P. (2018). Role of food sanitising treatments in inducing the ‘viable but nonculturable’ state of microorganisms. Food Control. 91, 321–329. doi: 10.1016/j.foodcont.2018.04.016

 Firmesse, O., Morelli, E., Vann, S., and Carpentier, B. (2012). Monitoring of bacterial load in terms of culturable and non-culturable cells on new materials placed in a delicatessen serve over counter. Int. J. Food Microbiol. 159, 179–185. doi: 10.1016/j.ijfoodmicro.2012.09.005

 Fleischmann, S., Robben, C., Alter, T., Rossmanith, P., and Mester, P. (2021). How to evaluate non-growing cells—Current strategies for determining antimicrobial resistance of VBNC bacteria. Antibiotics 10, 115. doi: 10.3390/antibiotics10020115

 Gaio, V., Lopes, N., Cerca, N., and França, A. (2021). codY and pdhA Expression Is Induced in Staphylococcus epidermidis Biofilm and Planktonic Populations With Higher Proportions of Viable but Non-Culturable Cells. Front. Cell Infect. Microbiol. 11, 771666. doi: 10.3389/fcimb.2021.771666

 Ganesan, B., Stuart, M. R., and Weimer, B. C. (2007). Carbohydrate starvation causes a metabolically active but nonculturable state in Lactococcus lactis. Appl. Environ. Microbiol. 73, 2498–2512. doi: 10.1128/AEM.01832-06

 Gao, S., Sun, C., Hong, H., Gooneratne, R., Mutukumira, A., and Wu, X. (2021). Rapid detection of viable Cronobacter sakazakii in powdered infant formula using improved propidium monoazide (PMAxx) and quantitative recombinase polymerase amplification (qRPA) assay. Food Control. 124, 107899. doi: 10.1016/j.foodcont.2021.107899

 Gebara, E. C., Faria, C. M., Pannuti, C., Chehter, L., Mayer, M. P., and Lima, L. A. (2006). Persistence of Helicobacter pylori in the oral cavity after systemic eradication therapy. J. Clin. Periodontol. 33, 329–333. doi: 10.1111/j.1600-051X.2006.00915.x

 Giard, J. C., Laplace, J. M., Rincé, A., Pichereau, V., Benachour, A., Leboeuf, C., et al. (2001). The stress proteome of Enterococcus faecalis. Electrophoresis 22, 2947–2954. doi: 10.1002/1522-2683(200108)22:14<2947::AID-ELPS2947>3.0.CO;2-K

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

 Golpayegani, A., Douraghi, M., Rezaei, F., Alimohammadi, M., and Nodehi, R. N. (2019). Propidium monoazide–quantitative polymerase chain reaction (PMA-qPCR) assay for rapid detection of viable and viable but non-culturable (VBNC) Pseudomonas aeruginosa in swimming pools. J. Environ. Health Sci. Eng. 17, 407–416. doi: 10.1007/s40201-019-00359-w

 Gonçalves, F. D. A., and de Carvalho, C. C. C. R. (2016). Phenotypic modifications in staphylococcus aureus cells exposed to high concentrations of vancomycin and teicoplanin. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00013

 Guan, Y., Wang, K., Zeng, Y., Ye, Y., Chen, L., and Huang, T. (2021). Development of a Direct and Rapid Detection Method for Viable but Non-culturable State of Pediococcus acidilactici. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.687691

 Guo, L., Ye, C., Cui, L., Wan, K., Chen, S., Zhang, S., et al. (2019). Population and single cell metabolic activity of UV-induced VBNC bacteria determined by CTC-FCM and D2O-labeled Raman spectroscopy. Environ. Int. 130, 104883. doi: 10.1016/j.envint.2019.05.077

 Guo, L., Wan, K., Zhu, J., Ye, C., Chabi, K., and Yu, X. (2021). Detection and distribution of vbnc/viable pathogenic bacteria in full-scale drinking water treatment plants. J. Hazard. Mater. 406, 124335. doi: 10.1016/j.jhazmat.2020.124335

 Guo, L., et al. (2023). Induction of bacteria in biofilm into a VBNC state by chlorine and monitoring of biofilm structure changes by means of OCT. Sci. Total. Environ. 891, 164294. doi: 10.1016/j.scitotenv.2023.164294

 Gutt, B., Ren, Q., Hauser-Gerspach, I., Kardas, P., Stübinger, S., Astasov-Frauenhoffer, M., et al. (2018). Beneficial oral biofilms as smart bioactive interfaces. Front. Microbiol. 9, 107. doi: 10.3389/fmicb.2018.00107

 Habimana, O., Nesse, L. L., Møretrø, T., Berg, K., Heir, E., Vestby, L. K., et al. (2014). The persistence of Salmonella following desiccation under feed processing environmental conditions: a subject of relevance. Lett. Appl. Microbiol. 59, 464–470. doi: 10.1111/lam.12308

 Haditsch, U., Roth, T., Rodriguez, L., Hancock, S., Cecere, T., Nguyen, M., et al. (2020). Alzheimer’s disease-like neurodegeneration in porphyromonas gingivalis infected neurons with persistent expression of active gingipains. J. Alzheimers Dis. 75, 1361–1376. doi: 10.3233/JAD-200393

 Hajishengallis, G., Liang, S., Payne, M. A., Hashim, A., Jotwani, R., Eskan, M. A., et al. (2011). Low-abundance biofilm species orchestrates inflammatory periodontal disease through the commensal microbiota and complement. Cell Host Microbe 10, 497–506. doi: 10.1016/j.chom.2011.10.006

 Hamabata, T., Senoh, M., Iwaki, M., Nishiyama, A., Yamamoto, A., and Shibayama, K. (2021). Induction and Resuscitation of Viable but Nonculturable Corynebacterium diphtheriae. Microorganisms 9:927. doi: 10.3390/microorganisms9050927

 Heidelberg, J. F., et al. (1997). Effect of aerosolization on culturability and viability of gram-negative bacteria. Appl. Environ. Microbiol. 63, 3585–3588. doi: 10.1128/aem.63.9.3585-3588.1997

 Heim, S., Lleo, M., Bonato, B., Guzman, C. A., and Canepari, P. (2002). The viable but nonculturable state and starvation are different stress responses of Enterococcus faecalis, as determined by proteome analysis. J. Bacteriol. 184, 6739–6745. doi: 10.1128/JB.184.23.6739-6745.2002

 Hein, I., Schneeweiss, W., Stanek, C., and Wagner, M. (2007). Ethidium monoazide and propidium monoazide for elimination of unspecific DNA background in quantitative universal real-time PCR. J. Microbiol. Methods 71, 336–339. doi: 10.1016/j.mimet.2007.09.005

 Hildebrand, P., Bardhan, P., Rossi, L., Parvin, S., Rahman, A., Arefin, M. S., et al. (2001). Recrudescence and reinfection with Helicobacter pylori after eradication therapy in Bangladeshi adults. Gastroenterology 121, 792–798. doi: 10.1053/gast.2001.28018

 Hirsch, C., Tegtmeyer, N., Rohde, M., Rowland, M., Oyarzabal, O. A., and Backert, S. (2012). Live Helicobacter pylori in the root canal of endodontic-infected deciduous teeth. J. Gastroenterol. 47, 936–940. doi: 10.1007/s00535-012-0618-8

 Hirukawa, S., Sagara, H., Kaneto, S., Kondo, T., Kiga, K., Sanada, T., et al. (2018). Characterization of morphological conversion of Helicobacter pylori under anaerobic conditions. Microbiol. Immunol. 62, 221–228. doi: 10.1111/1348-0421.12582

 Hortelano, I., Moreno, M. Y., García-Hernández, J., and Ferrús, M. A. (2021). Optimization of pre- treatments with Propidium Monoazide and PEMAX™ before real-time quantitative PCR for detection and quantification of viable Helicobacter pylori cells. J. Microbiol. Methods 185, 106223. doi: 10.1016/j.mimet.2021.106223

 Hu, Z., Zhang, Y., Li, Z., Yu, Y., Kang, W., Han, Y., et al. (2016). Effect of Helicobacter pylori infection on chronic periodontitis by the change of microecology and inflammation. Oncotarget 7. doi: 10.1111/apt.14319:66700-66712

 Hu, Y., Wan, J. H., Li, X. Y., Zhu, Y., Graham, D. Y., and Lu, N. H. (2017). Systematic review with meta-analysis: the global recurrence rate of Helicobacter pylori. Aliment. Pharmacol. Ther. 46, 773–779. doi: 10.1111/apt.2017.46.issue-9

 Hu, B., et al. (2019). EmPis-1L, an effective antimicrobial peptide against the antibiotic-resistant VBNC state cells of pathogenic bacteria. Probiot. Antimicrobial. Proteins 11, 667–675. doi: 10.1007/s12602-018-9446-3

 Ica, T., Caner, V., Istanbullu, O., Nguyen, H. D., Ahmed, B., Call, D. R., et al. (2012). Characterization of mono- and mixed-culture Campylobacter jejuni biofilms. Appl. Environ. Microbiol. 78, 1033–1038. doi: 10.1128/AEM.07364-11

 Imazaki, I., and Nakaho, K. (2009). Temperature-upshift-mediated revival from the sodium-pyruvate-recoverable viable but nonculturable state induced by low temperature in Ralstonia solanacearum: linear regression analysis. J. Gen. Plant Pathol. 75, 213–226. doi: 10.1007/s10327-009-0166-0

 İzgördü Ö, K., Darcan, C., and Kariptaş, E. (2022). Overview of VBNC, a survival strategy for microorganisms. 3. Biotech. 12, 307. doi: 10.1007/s13205-022-03371-4

 İzgördü Ö, K., Gurbanov, R., and Darcan, C. (2024). Understanding the transition to viable but non-culturable state in Escherichia coli W3110: a comprehensive analysis of potential spectrochemical biomarkers. World J. Microbiol. Biotechnol. 40, 203. doi: 10.1007/s11274-024-04019-6

 Jakubovics, N. S., Goodman, S. D., Mashburn-Warren, L., Stafford, G. P., and Cieplik, F. (2021). The dental plaque biofilm matrix. Periodontol. 2000. 86, 32–56. doi: 10.1111/prd.12361

 Jayakumar, S., Sridhar, D., John, B. M., Arumugam, K., Ponnusamy, P., and Pulidindi, H. (2024). Biofilm in endodontic infection and its advanced therapeutic options - an updated review. J. Pharm. Bioallied. Sci. 16, S1104–s1109. doi: 10.4103/jpbs.jpbs_394_23

 Jia, Y., Yu, C., Fan, J., Fu, Y., Ye, Z., Guo, X., et al. (2020). Alterations in the cell wall of rhodococcus biphenylivorans under norfloxacin stress. Front. Microbiol. 11, 554957. doi: 10.3389/fmicb.2020.554957

 Jiang, H., Wang, K., Yan, M., Ye, Q., Lin, X., Chen, L., et al. (2021). Pathogenic and Virulence Factor Detection on Viable but Non-culturable Methicillin-Resistant Staphylococcus aureus. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.630053

 Jones, T., Yeaman, M. R., Sakoulas, G., Yang, S. J., Proctor, R. A., Sahl, H. G., et al. (2008). Failures in clinical treatment of Staphylococcus aureus Infection with daptomycin are associated with alterations in surface charge, membrane phospholipid asymmetry, and drug binding. Antimicrob. Agents Chemother. 52, 269–278. doi: 10.1128/AAC.00719-07

 Kadota, T., Hamada, M., Nomura, R., Ogaya, Y., Okawa, R., Uzawa, N., et al. (2020). Distribution of helicobacter pylori and periodontopathic bacterial species in the oral cavity. Biomedicines 8, 161. doi: 10.3390/biomedicines8060161

 Kamruzzaman, M., Udden, S. M., Cameron, D. E., Calderwood, S. B., Nair, G. B., Mekalanos, J. J., et al. (2010). Quorum-regulated biofilms enhance the development of conditionally viable, environmental Vibrio cholerae. Proc. Natl. Acad. Sci. U.S.A. 107, 1588–1593. doi: 10.1073/pnas.0913404107

 Kan, Y., Jiang, N., Xu, X., Lyu, Q., Gopalakrishnan, V., Walcott, R., et al. (2019). Induction and Resuscitation of the Viable but Non-culturable (VBNC) State in Acidovorax citrulli, the Causal Agent of Bacterial Fruit Blotch of Cucurbitaceous Crops. Front. Microbiol. 10, 1081. doi: 10.3389/fmicb.2019.01081

 Karygianni, L., Ren, Z., Koo, H., and Thurnheer, T. (2020). Biofilm matrixome: extracellular components in structured microbial communities. Trends Microbiol. 28, 668–681. doi: 10.1016/j.tim.2020.03.016

 Kayaoglu, G., and Ørstavik, D. (2004). Virulence factors of Enterococcus faecalis: relationship to endodontic disease. Crit. Rev. Oral. Biol. Med. 15, 308–320. doi: 10.1177/154411130401500506

 Khan, M. M. T., Pyle, B. H., and Camper, A. K. (2010). Specific and rapid enumeration of viable but nonculturable and viable-culturable gram-negative bacteria by using flow cytometry. Appl. Environ. Microbiol. 76, 5088–5096. doi: 10.1128/AEM.02932-09

 Khosravi, Y., Dieye, Y., Poh, B. H., Ng, C. G., Loke, M. F., Goh, K. L., et al. (2014). Culturable bacterial microbiota of the stomach of Helicobacter pylori positive and negative gastric disease patients. ScientificWorldJournal 2014, 610421. doi: 10.1155/2014/610421

 Khosravi, Y., Loke, M. F., Goh, K. L., and Vadivelu, J. (2016). Proteomics Analysis Revealed that Crosstalk between Helicobacter pylori and Streptococcus mitis May Enhance Bacterial Survival and Reduces Carcinogenesis. Front. Microbiol. 7, 1462. doi: 10.3389/fmicb.2016.01462

 Kibbee, R. J., and Örmeci, B. (2017). Development of a sensitive and false-positive free PMA-qPCR viability assay to quantify VBNC Escherichia coli and evaluate disinfection performance in wastewater effluent. J. Microbiol. Methods 132, 139–147. doi: 10.1016/j.mimet.2016.12.004

 Kim, S. Y., and Ko, G. (2012). Using propidium monoazide to distinguish between viable and nonviable bacteria, MS2 and murine norovirus. Lett. Appl. Microbiol. 55, 182–188. doi: 10.1111/j.1472-765X.2012.03276.x

 Kim, H., Oh, S., and Song, S. (2024). Lactobacillus persisters formation and resuscitation. J. Microbiol. Biotechnol. 34, 854–862. doi: 10.4014/jmb.2312.12035

 Koçak, E., Ozkul, C., Bozal‐Palabiyik, B., Süslü, İ., and Uslu, B. (2023). Electrochemical biosensors for rapid diagnosis of bacterial infections: Design, targets and applications in clinical setting. Electroanalysis 35, e202300106. doi: 10.1002/elan.202300106

 Kong, I. S., Bates, T. C., Hülsmann, A., Hassan, H., Smith, B. E., and Oliver, J. D. (2004). Role of catalase and oxyR in the viable but nonculturable state of Vibrio vulnificus. FEMS Microbiol. Ecol. 50, 133–142. doi: 10.1016/j.femsec.2004.06.004

 König, P., Wilhelm, A., Schaudinn, C., Poehlein, A., Daniel, R., Widera, M., et al. (2023). The VBNC state: a fundamental survival strategy of Acinetobacter baumannii. mBio 14, e0213923. doi: 10.1128/mbio.02139-23

 Kontchou, J. A., and Nocker, A. (2019). Optimization of viability qPCR for selective detection of membrane-intact Legionella pneumophila. J. Microbiol. Methods 156, 68–76. doi: 10.1016/j.mimet.2018.12.003

 Korch, S. B., and Hill, T. M. (2006). Ectopic overexpression of wild-type and mutant hipA genes in Escherichia coli: effects on macromolecular synthesis and persister formation. J. Bacteriol. 188, 3826–3836. doi: 10.1128/JB.01740-05

 Kortebi, M., Milohanic, E., Mitchell, G., Péchoux, C., Prevost, M. C., Cossart, P., et al. (2017). Listeria monocytogenes switches from dissemination to persistence by adopting a vacuolar lifestyle in epithelial cells. PloS Pathog. 13, e1006734. doi: 10.1371/journal.ppat.1006734

 Kozarov, E. (2012). Bacterial invasion of vascular cell types: vascular infectology and atherogenesis. Future Cardiol. 8, 123–138. doi: 10.2217/fca.11.75

 Kozarov, E. V., Dorn, B. R., Shelburne, C. E., Dunn, W. A. Jr., and Progulske-Fox, A. (2005). Human atherosclerotic plaque contains viable invasive Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler. Thromb. Vasc. Biol. 25, e17–e18. doi: 10.1161/01.ATV.0000155018.67835.1a

 Krzyżek, P., Grande, R., Migdał, P., Paluch, E., and Gościniak, G. (2020). Biofilm formation as a complex result of virulence and adaptive responses of helicobacter pylori. Pathogens 9, 1062. doi: 10.3390/pathogens9121062

 Krzyżek, P., and Gościniak, G. (2018). Oral Helicobacter pylori: Interactions with host and microbial flora of the oral cavity. Dent. Med. Probl. 55, 75–82. doi: 10.17219/dmp/81259

 Kuehl, B., Marten, S. M., Bischoff, Y., Brenner-Weiss, G., and Obst, U. (2011). MALDI-ToF mass spectrometry–multivariate data analysis as a tool for classification of reactivation and non-culturable states of bacteria. Analyt. Bioanalyt. Chem. 401, 1593–1600. doi: 10.1007/s00216-011-5227-5

 Kumar, P. S., Dabdoub, S. M., and Ganesan, S. M. (2021). Probing periodontal microbial dark matter using metataxonomics and metagenomics. Periodontol. 2000. 85, 12–27. doi: 10.1111/prd.12349

 Kuppalli, K., Livorsi, D., Talati, N. J., and Osborn, M. (2012). Lemierre’s syndrome due to Fusobacterium necrophorum. Lancet Infect. Dis. 12, 808–815. doi: 10.1016/S1473-3099(12)70089-0

 Kusumoto, A., Miyashita, M., and Kawamoto, K. (2013). Deletion in the C-terminal domain of ClpX delayed entry of Salmonella enterica into a viable but non-culturable state. Res. Microbiol. 164, 335–341. doi: 10.1016/j.resmic.2013.01.011

 Labib, M., Zamay, A. S., Kolovskaya, O. S., Reshetneva, I. T., Zamay, G. S., Kibbee, R. J., et al. (2012). Aptamer-based viability impedimetric sensor for bacteria. Analyt. Chem. 84, 8966–8969. doi: 10.1021/ac302902s

 Lambrecht, R., and Ulbrich-Hofmann, R. (1993). The adsorptive immobilization of phospholipids D mediated by calcium ions. Biotechnol. Bioeng. 41, 833–836. doi: 10.1002/bit.260410811

 Lee, A., O'Rourke, J., De Ungria, M. C., Robertson, B., Daskalopoulos, G., and Dixon, M. F. (1997). A standardized mouse model of Helicobacter pylori infection: introducing the Sydney strain. Gastroenterology 112, 1386–1397. doi: 10.1016/S0016-5085(97)70155-0

 Lee, A. S., Lamanna, O. K., Ishida, K., Hill, E., Nguyen, A., and Hsieh, M. H. (2022). A novel propidium monoazide-based PCR assay can measure viable uropathogenic E. coli in vitro and in vivo. Front. Cell. Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.794323

 Lemke, M. J., and Leff, L. G. (2006). Culturability of stream bacteria assessed at the assemblage and population levels. Microb. Ecol. 51, 365–374. doi: 10.1007/s00248-006-9026-z

 Lemos, J. A., Abranches, J., and Burne, R. A. (2005). Responses of cariogenic streptococci to environmental stresses. Curr. Issues Mol. Biol. 7, 95–107. doi: 10.21775/cimb.007.095

 Lennon, J. T., and Jones, S. E. (2011). Microbial seed banks: the ecological and evolutionary implications of dormancy. Nat. Rev. Microbiol. 9, 119–130. doi: 10.1038/nrmicro2504

 Leung, V., and Lévesque, C. M. (2012). A stress-inducible quorum-sensing peptide mediates the formation of persister cells with noninherited multidrug tolerance. J. Bacteriol. 194, 2265–2274. doi: 10.1128/JB.06707-11

 Li, L., Michel, R., Cohen, J., Decarlo, A., and Kozarov, E. (2008). Intracellular survival and vascular cell-to-cell transmission of Porphyromonas gingivalis. BMC Microbiol. 8, 26. doi: 10.1186/1471-2180-8-26

 Li, N., Han, L., Chen, J., Lin, X., Chen, H., and She, F. (2013). Proliferative and apoptotic effects of gastric epithelial cells induced by coccoid Helicobacter pylori. J. Basic. Microbiol. 53, 147–155. doi: 10.1002/jobm.201100370

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

 Li, Y., Huang, T. Y., Mao, Y., Chen, Y., Shi, F., Peng, R., et al. (2020a). Effect of Environmental Conditions on the Formation of the Viable but Nonculturable State of Pediococcus acidilactici BM-PA17927 and Its Control and Detection in Food System. Front. Microbiol. 11, 586777. doi: 10.3389/fmicb.2020.586777

 Li, Y., Huang, T. Y., Mao, Y., Chen, Y., Shi, F., Peng, R., et al. (2020b). Study on the Viable but Non-culturable (VBNC) State Formation of Staphylococcus aureus and Its Control in Food System. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.599739

 Liao, X., Hu, W., Liu, D., and Ding, T. (2021). Stress Resistance and Pathogenicity of Nonthermal-Plasma-Induced Viable-but-Nonculturable Staphylococcus aureus through Energy Suppression, Oxidative Stress Defense, and Immune-Escape Mechanisms. Appl. Environ. Microbiol. 87. doi: 10.1128/AEM.02380-20

 Lin, H., Ye, C., Chen, S., Zhang, S., and Yu, X. (2017). Viable but non-culturable E. coli induced by low level chlorination have higher persistence to antibiotics than their culturable counterparts. Environ. pollut. 230, 242–249. doi: 10.1016/j.envpol.2017.06.047

 Liu, Y., Wang, C., Tyrrell, G., and Li, XF.. (2010). Production of Shiga-like toxins in viable but nonculturable Escherichia coli O157:H7. Water Res. 44, 711–718. doi: 10.1016/j.watres.2009.10.005

 Liu, J., Zhou, R., Li, L., Peters, B. M., Li, B., Lin, C. W., et al. (2017). Viable but non-culturable state and toxin gene expression of enterohemorrhagic Escherichia coli O157 under cryopreservation. Res. Microbiol. 168, 188–193. doi: 10.1016/j.resmic.2016.11.002

 Liu, J., Deng, Y., Soteyome, T., Li, Y., Su, J., Li, L., et al. (2018). Induction and Recovery of the Viable but Nonculturable State of Hop-Resistance Lactobacillus brevis. Front. Microbiol. 9, 2076. doi: 10.3389/fmicb.2018.02076

 Lleò, M. M., Pierobon, S., Tafi, M. C., Signoretto, C., and Canepari, P. (2000). mRNA detection by reverse transcription-PCR for monitoring viability over time in an Enterococcus faecalis viable but nonculturable population maintained in a laboratory microcosm. Appl. Environ. Microbiol. 66, 4564–4567. doi: 10.1128/AEM.66.10.4564-4567.2000

 Lleò, M. M., Bonato, B., Tafi, M. C., Signoretto, C., Boaretti, M., and Canepari, P. (2001). Resuscitation rate in different enterococcal species in the viable but non-culturable state. J. Appl. Microbiol. 91, 1095–1102. doi: 10.1046/j.1365-2672.2001.01476.x

 Lleò, M. M., Bonato, B., Signoretto, C., and Canepari, P. (2003). Vancomycin resistance is maintained in enterococci in the viable but nonculturable state and after division is resumed. Antimicrob. Agents Chemother. 47, 1154–1156. doi: 10.1128/AAC.47.3.1154-1156.2003

 Lleo, M., Bonato, B., Tafi, M. C., Caburlotto, G., Benedetti, D., and Canepari, P. (2007). Adhesion to medical device materials and biofilm formation capability of some species of enterococci in different physiological states. FEMS Microbiol. Lett. 274, 232–237. doi: 10.1111/j.1574-6968.2007.00836.x

 Loke, M. F., Ng, C. G., Vilashni, Y., Lim, J., and Ho, B. (2016). Understanding the dimorphic lifestyles of human gastric pathogen Helicobacter pylori using the SWATH-based proteomics approach. Sci. Rep. 6, 26784. doi: 10.1038/srep26784

 López-Valverde, N., Macedo de Sousa, B., Suárez, A., Rodríguez, C., and Aragoneses, J. M. (2022). Possible association of periodontal diseases with helicobacter pylori gastric infection: A systematic review and meta-analysis. Front. Med. (Lausanne). 9, 822194. doi: 10.3389/fmed.2022.822194

 Lv, R., Wang, L., Zhang, J., He, X., Shi, L., Zhao, L., et al. (2020). Detection and Quantification of Viable but Non-culturable Campylobacter jejuni. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02920

 Lv, X., Wang, K., Feng, J., Heeney, D. D., Liu, D., and Lu, X. (2021). Quantitative detection of trace VBNC Cronobacter sakazakii by immunomagnetic separation in combination with PMAxx-ddPCR in dairy products. Food Microbiol. 99, 103831. doi: 10.1016/j.fm.2021.103831

 Magajna, B. A., and Schraft, H. (2015). Campylobacter jejuni biofilm cells become viable but non-culturable (VBNC) in low nutrient conditions at 4°C more quickly than their planktonic counterparts. Food Control. 50, 45–50. doi: 10.1016/j.foodcont.2014.08.022

 Malayil, L., Chattopadhyay, S., Mongodin, E. F., and Sapkota, A. R. (2021). Coupled DNA-labeling and sequencing approach enables the detection of viable-but-non-culturable Vibrio spp. in irrigation water sources in the Chesapeake Bay watershed. Environ. Microbiome. 16, 13. doi: 10.1186/s40793-021-00382-1

 Manina, G., and McKinney, J. D. (2013). A single-cell perspective on non-growing but metabolically active (NGMA) bacteria. Curr. Top. Microbiol. Immunol. 374, 135–161. doi: 10.1007/82_2013_333

 Mao, X., Jakubovics, N. S., Bächle, M., Buchalla, W., Hiller, K. A., Maisch, T., et al. (2021). Colonization of Helicobacter pylori in the oral cavity - an endless controversy? Crit. Rev. Microbiol. 47, 612–629. doi: 10.1080/1040841X.2021.1907740

 Marginean, C. M., Cioboata, R., Olteanu, M., Vasile, C. M., Popescu, M., Popescu, A. I. S., et al. (2022). The importance of accurate early diagnosis and eradication in helicobacter pylori infection: pictorial summary review in children and adults. Antibiot. (Basel). 12:60. doi: 10.3390/antibiotics12010060

 Marinelli, L., Cottarelli, A., Solimini, A. G., Del Cimmuto, A., and De Giusti, M. (2017). Evaluation of timing of re-appearance of VBNC Legionella for risk assessment in hospital water distribution systems. Ann. Ig. 29, 431–439. doi: 10.7416/ai.2017.2175

 Mellmann, A., Harmsen, D., Cummings, C. A., Zentz, E. B., Leopold, S. R., Rico, A., et al. (2011). Prospective genomic characterization of the German enterohemorrhagic Escherichia coli O104:H4 outbreak by rapid next generation sequencing technology. PloS One 6, e22751. doi: 10.1371/journal.pone.0022751

 Mirani, Z. A., and Jamil, N. (2013). Effect of vancomycin on the cytoplasmic membrane fatty acid profile of vancomycin-resistant and -susceptible isolates of Staphylococcus aureus. J. Infect. Chemother. 19, 24–33. doi: 10.1007/s10156-012-0447-y

 Mishra, A., Taneja, N., and Sharma, M. (2011). Demonstration of viable but nonculturable Vibrio cholerae O1 in fresh water environment of India using ciprofloxacin DFA-DVC method. Lett. Appl. Microbiol. 53, 124–126. doi: 10.1111/j.1472-765X.2011.03077.x

 Mizunoe, Y., Wai, S. N., Ishikawa, T., Takade, A., and Yoshida, S. (2000). Resuscitation of viable but nonculturable cells of Vibrio parahaemolyticus induced at low temperature under starvation. FEMS Microbiol. Lett. 186, 115–120. doi: 10.1111/j.1574-6968.2000.tb09091.x

 Morales-Espinosa, R., Fernandez-Presas, A., Gonzalez-Valencia, G., Flores-Hernandez, S., Delgado-Sapien, G., Mendez-Sanchez, J. L., et al. (2009). Helicobacter pylori in the oral cavity is associated with gastroesophageal disease. Oral. Microbiol. Immunol. 24, 464–468. doi: 10.1111/j.1399-302X.2009.00541.x

 Moreno-Mesonero, L., Moreno, Y., Alonso, J. L., and Ferrús, M. A. (2017). Detection of viable Helicobacter pylori inside free-living amoebae in wastewater and drinking water samples from Eastern Spain. Environ. Microbiol. 19, 4103–4112. doi: 10.1111/1462-2920.13856

 Morishige, Y., Fujimori, K., and Amano, F. (2015). Use of flow cytometry for quantitative analysis of metabolism of viable but non-culturable (VBNC) salmonella. Biol. Pharm. Bull. 38, 1255–1264. doi: 10.1248/bpb.b15-00005

 Muehler, D., Rupp, C. M., Keceli, S., Brochhausen, C., Siegmund, H., Maisch, T., et al. (2020). Insights into mechanisms of antimicrobial photodynamic action toward biofilms using phenalen-1-one derivatives as photosensitizers. Front. Microbiol. 11, 589364. doi: 10.3389/fmicb.2020.589364

 Muela, A., Seco, C., Camafeita, E., Arana, I., Orruño, M., López, J. A., et al. (2008). Changes in Escherichia coli outer membrane subproteome under environmental conditions inducing the viable but nonculturable state. FEMS Microbiol. Ecol. 64, 28–36. doi: 10.1111/j.1574-6941.2008.00453.x

 Mukamolova, G. V., Murzin, A. G., Salina, E. G., Demina, G. R., Kell, D. B., Kaprelyants, A. S., et al. (2006). Muralytic activity of Micrococcus luteus Rpf and its relationship to physiological activity in promoting bacterial growth and resuscitation. Mol. Microbiol. 59, 84–98. doi: 10.1111/j.1365-2958.2005.04930.x

 Nelson, E. J., Chowdhury, A., Flynn, J., Schild, S., Bourassa, L., Shao, Y., et al. (2008). Transmission of Vibrio cholerae is antagonized by lytic phage and entry into the aquatic environment. PloS Pathog. 4, e1000187. doi: 10.1371/journal.ppat.1000187

 Nguyen, D., Joshi-Datar, A., Lepine, F., Bauerle, E., Olakanmi, O., Beer, K., et al. (2011). Active starvation responses mediate antibiotic tolerance in biofilms and nutrient-limited bacteria. Science 334, 982–986. doi: 10.1126/science.1211037

 Oliver, J. D. (2005). The viable but nonculturable state in bacteria. J. Microbiol. 43 Spec No, 93–100.

 Oliver, J. D. (2010). Recent findings on the viable but nonculturable state in pathogenic bacteria. FEMS Microbiol. Rev. 34, 415–425. doi: 10.1111/j.1574-6976.2009.00200.x

 Oliver, J. D., Dagher, M., and Linden, K. (2005). Induction of Escherichia coli and Salmonella typhimurium into the viable but nonculturable state following chlorination of wastewater. J. Water Health 3, 249–257. doi: 10.2166/wh.2005.040

 Olivier, B. J., Bond, R. P., van Zyl, W. B., Delport, M., Slavik, T., Ziady, C., et al. (2006). Absence of Helicobacter pylori within the Oral Cavities of Members of a Healthy South African Community. J. Clin. Microbiol. 44, 635–636. doi: 10.1128/JCM.44.2.635-636.2006

 Orman, M. A., and Brynildsen, M. P. (2013). Establishment of a method to rapidly assay bacterial persister metabolism. Antimicrob. Agents Chemother. 57, 4398–4409. doi: 10.1128/AAC.00372-13

 Orta de Velásquez, M. T., Yáñez Noguez, I., Casasola Rodríguez, B., and Román Román, P. I. (2017). Effects of ozone and chlorine disinfection on VBNC Helicobacter pylori by molecular techniques and FESEM images. Environ. Technol. 38, 744–753.

 Oshowo, A., Gillam, D., Botha, A., Tunio, M., Holton, J., Boulos, P., et al. (1998). Helicobacter pylori: the mouth, stomach, and gut axis. Ann. Periodontol. 3, 276–280. doi: 10.1902/annals.1998.3.1.276

 Ou, A., Wang, K., Mao, Y., Yuan, L., Ye, Y., Chen, L., et al. (2021). First Report on the Rapid Detection and Identification of Methicillin-Resistant Staphylococcus aureus (MRSA) in Viable but Non-culturable (VBNC) Under Food Storage Conditions. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.615875

 Ozcakir, O. (2007). Viable but non-culturable form of bacteria. Mikrobiyoloji. bülteni. 41, 477–484.

 Özkanca, R., Saribiyik, F., Isik, K., Sahin, N., Kariptas, E., and Flint, K. P. (2009). Resuscitation and quantification of stressed Escherichia coli K12 NCTC8797 in water samples. Microbiol. Res. 164, 212–220. doi: 10.1016/j.micres.2006.11.014

 Pan, H., and Ren, Q. (2022). Wake up! Resuscitation of viable but nonculturable bacteria: mechanism and potential application. Foods 12, 82. doi: 10.3390/foods12010082

 Pasquaroli, S., Zandri, G., Vignaroli, C., Vuotto, C., Donelli, G., and Biavasco, F. (2013). Antibiotic pressure can induce the viable but non-culturable state in Staphylococcus aureus growing in biofilms. J. Antimicrob. Chemother. 68, 1812–1817. doi: 10.1093/jac/dkt086

 Pawlowski, D. R., Metzger, D. J., Raslawsky, A., Howlett, A., Siebert, G., Karalus, R. J., et al. (2011). Entry of Yersinia pestis into the viable but nonculturable state in a low-temperature tap water microcosm. PloS One 6, e17585. doi: 10.1371/journal.pone.0017585

 Pazos-Rojas, L. A., Muñoz-Arenas, L. C., Rodríguez-Andrade, O., López-Cruz, L. E., López-Ortega, O., Lopes-Olivares, F., et al. (2019). Desiccation-induced viable but nonculturable state in Pseudomonas putida KT2440, a survival strategy. PloS One 14, e0219554. doi: 10.1371/journal.pone.0219554

 Pazos-Rojas, L. A., Cuellar-Sánchez, A., Romero-Cerón, A. L., Rivera-Urbalejo, A., Van Dillewijn, P., Luna-Vital, D. A., et al. (2023). The viable but non-culturable (VBNC) state, a poorly explored aspect of beneficial bacteria. Microorganisms 12. doi: 10.3390/microorganisms12010039

 Pérez-Chaparro, P. J., Gonçalves, C., Figueiredo, L. C., Faveri, M., Lobão, E., Tamashiro, N., et al. (2014). Newly identified pathogens associated with periodontitis: a systematic review. J. Dent. Res. 93, 846–858. doi: 10.1177/0022034514542468

 Periasamy, S., and Kolenbrander, P. E. (2009). Mutualistic biofilm communities develop with Porphyromonas gingivalis and initial, early, and late colonizers of enamel. J. Bacteriol. 191, 6804–6811. doi: 10.1128/JB.01006-09

 Phung, C., et al. (2019). Campylobacter hepaticus, the cause of spotty liver disease in chickens: transmission and routes of infection. Front. Vet. Sci. 6, 505. doi: 10.3389/fvets.2019.00505

 Phung, C., Moore, R. J., and Van, T. T. H. (2022). Campylobacter hepaticus, the cause of Spotty Liver Disease in chickens, can enter a viable but nonculturable state. Vet. Microbiol. 266, 109341. doi: 10.1016/j.vetmic.2022.109341

 Piqueres, P., Moreno, Y., Alonso, J. L., and Ferrús, M. A. (2006). A combination of direct viable count and fluorescent in situ hybridization for estimating Helicobacter pylori cell viability. Res. Microbiol. 157, 345–349. doi: 10.1016/j.resmic.2005.09.003

 Pitkänen, T. (2013). Review of Campylobacter spp. in drinking and environmental waters. J. Microbiol. Methods 95, 39–47. doi: 10.1016/j.mimet.2013.06.008

 Poole, K. (2012). Bacterial stress responses as determinants of antimicrobial resistance. J. Antimicrobial. Chemother. 67, 2069–2089. doi: 10.1093/jac/dks196

 Postnikova, O. A., Shao, J., Mock, N. M., Baker, C. J., and Nemchinov, L. G. (2015). Gene Expression Profiling in Viable but Nonculturable (VBNC) Cells of Pseudomonas syringae pv. syringae. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.01419

 Poursina, F., Faghri, J., Moghim, S., Zarkesh-Esfahani, H., Nasr-Esfahani, B., Fazeli, H., et al. (2013). Assessment of cagE and babA mRNA expression during morphological conversion of Helicobacter pylori from spiral to coccoid. Curr. Microbiol. 66, 406–413. doi: 10.1007/s00284-012-0280-7

 Poursina, F., Fagri, J., Mirzaei, N., and Safaei, H. G. (2018). Overexpression of spoT gene in coccoid forms of clinical Helicobacter pylori isolates. Folia Microbiol. (Praha). 63, 459–465. doi: 10.1007/s12223-017-0557-0

 Progulske-Fox, A., Chukkapalli, S. S., Getachew, H., Dunn, W. A., and Oliver, J. D. (2022). VBNC, previously unrecognized in the life cycle of Porphyromonas gingivalis? J. Oral. Microbiol. 14, 1952838. doi: 10.1080/20002297.2021.1952838

 Rahman, M. H., Suzuki, S., and Kawai, K. (2001). Formation of viable but non-culturable state (VBNC) of Aeromonas hydrophila and its virulence in goldfish, Carassius auratus. Microbiol. Res. 156, 103–106. doi: 10.1078/0944-5013-00084

 Ramachandra, S. S., Wright, P., Han, P., Abdal-Hay, A., Lee, R. S. B., and Ivanovski, S. (2023). Evaluating models and assessment techniques for understanding oral biofilm complexity. MicrobiologyOpen 12, e1377. doi: 10.1002/mbo3.v12.4

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

 Ran, S., Liu, B., Jiang, W., Sun, Z., and Liang, J. (2015). Transcriptome analysis of Enterococcus faecalis in response to alkaline stress. Front. Microbiol. 6, 795. doi: 10.3389/fmicb.2015.00795

 Ravel, J., Hill, R. T., and Colwell, R. R. (1994). Isolation of a Vibrio cholerae transposon-mutant with an altered viable but nonculturable response. FEMS Microbiol. Lett. 120, 57–61. doi: 10.1111/j.1574-6968.1994.tb07007.x

 Ray, R. R., and Pattnaik, S. (2024). Technological advancements for the management of oral biofilm. Biocatalysis. Agric. Biotechnol. 56, 103017. doi: 10.1016/j.bcab.2023.103017

 Reichelt, B., Szott, V., Stingl, K., Roesler, U., and Friese, A. (2023). Detection of viable but non-culturable (VBNC)-campylobacter in the environment of broiler farms: innovative insights delivered by propidium monoazide (PMA)-v-qPCR analysis. Microorganisms 11, 2492. doi: 10.3390/microorganisms11102492

 Rivers, B., and Steck, T. R. (2001). Viable but nonculturable uropathogenic bacteria are present in the mouse urinary tract following urinary tract infection and antibiotic therapy. Urol. Res. 29, 60–66. doi: 10.1007/s002400000151

 Robben, C., Fister, S., Witte, A. K., Schoder, D., Rossmanith, P., and Mester, P. (2018). Induction of the viable but non-culturable state in bacterial pathogens by household cleaners and inorganic salts. Sci. Rep. 8, 15132. doi: 10.1038/s41598-018-33595-5

 Robben, C., Witte, A. K., Schoder, D., Stessl, B., Rossmanith, P., and Mester, P. (2019). A fast and easy ATP-based approach enables MIC testing for non-resuscitating VBNC pathogens. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.01365

 Roszak, D. B., and Colwell, R. R. (1987). Metabolic activity of bacterial cells enumerated by direct viable count. Appl. Environ. Microbiol. 53, 2889–2893. doi: 10.1128/aem.53.12.2889-2893.1987

 Rotem, E., Loinger, A., Ronin, I., Levin-Reisman, I., Gabay, C., Shoresh, N., et al. (2010). Regulation of phenotypic variability by a threshold-based mechanism underlies bacterial persistence. Proc. Natl. Acad. Sci. U.S.A. 107, 12541–12546. doi: 10.1073/pnas.1004333107

 Saadaoui, M., Singh, P., and Al Khodor, S. (2021). Oral microbiome and pregnancy: A bidirectional relationship. J. Reprod. Immunol. 145, 103293. doi: 10.1016/j.jri.2021.103293

 Saito, N., Konishi, K., Sato, F., Kato, M., Takeda, H., Sugiyama, T., et al. (2003). Plural transformation-processes from spiral to coccoid Helicobacter pylori and its viability. J. Infect. 46, 49–55. doi: 10.1053/jinf.2002.1047

 Sakko, M., Tjäderhane, L., and Rautemaa-Richardson, R. (2016). Microbiology of root canal infections. Prim. Dent. J. 5, 84–89. doi: 10.1308/205016816819304231

 Salcedo, J. A., and Al-Kawas, F. (1998). Treatment of Helicobacter pylori infection. Arch. Intern. Med. 158, 842–851. doi: 10.1001/archinte.158.8.842

 Salma, M., Rousseaux, S., Sequeira-Le Grand, A., Divol, B., and Alexandre, H. (2013). Characterization of the Viable but Nonculturable (VBNC) State in Saccharomyces cerevisiae. PloS One 8, e77600. doi: 10.1371/journal.pone.0077600

 Santander, R. D., Figàs-Segura, À, and Biosca, E. G. (2018). Erwinia amylovora catalases KatA and KatG are virulence factors and delay the starvation-induced viable but non-culturable (VBNC) response. Mol. Plant Pathol. 19, 922–934. doi: 10.1111/mpp.2018.19.issue-4

 Santos, L. S., Rossi, D. A., Braz, R. F., Fonseca, B. B., Guidotti-Takeuchi, M., Alves, R. N., et al. (2023). Roles of viable but non-culturable state in the survival of Campylobacter jejuni. Front. Cell Infect. Microbiol. 13, 1122450. doi: 10.3389/fcimb.2023.1122450

 Satta, G., Fontana, R., and Canepari, P. (1994). The two-competing site (TCS) model for cell shape regulation in bacteria: the envelope as an integration point for the regulatory circuits of essential physiological events. Adv. Microb. Physiol. 36, 181–245. doi: 10.1016/S0065-2911(08)60180-0

 Scholz, K., Höhne, A., Wittmer, A., Häcker, G., Hellwig, E., Cieplik, F., et al. (2025). Co-culture of Helicobacter pylori with oral microorganisms in human saliva. Clin. Oral. Investigat. 29, 1–9. doi: 10.1007/s00784-025-06160-4

 Schottroff, F., Fröhling, A., Zunabovic-Pichler, M., Krottenthaler, A., Schlüter, O., and Jäger, H. (2018). Sublethal injury and viable but non-culturable (VBNC) state in microorganisms during preservation of food and biological materials by non-thermal processes. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.02773

 Sedgley, C. M., Lennan, S. L., and Appelbe, O. K. (2005). Survival of Enterococcus faecalis in root canals ex vivo. Int. Endodontic. J. 38, 735–742. doi: 10.1111/j.1365-2591.2005.01009.x

 Senadheera, D., and Cvitkovitch, D. G. (2008). Quorum sensing and biofilm formation by Streptococcus mutans. Adv. Exp. Med. Biol. 631, 178–188. doi: 10.1007/978-0-387-78885-2_12

 Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of human and bacteria cells in the body. PloS Biol. 14, e1002533. doi: 10.1371/journal.pbio.1002533

 Sheridan, G. E., Masters, C. I., Shallcross, J. A., and MacKey, B. M. (1998). Detection of mRNA by reverse transcription-PCR as an indicator of viability in Escherichia coli cells. Appl. Environ. Microbiol. 64, 1313–1318. doi: 10.1128/AEM.64.4.1313-1318.1998

 Signoretto, C., Lleò, M. M., Tafi, M. C., and Canepari, P. (2000). Cell wall chemical composition of Enterococcus faecalis in the viable but nonculturable state. Appl. Environ. Microbiol. 66, 1953–1959. doi: 10.1128/AEM.66.5.1953-1959.2000

 Silva, D. G., Stevens, R. H., Macedo, J. M., Albano, R. M., Falabella, M. E., Fischer, R. G., et al. (2010). Presence of Helicobacter pylori in supragingival dental plaque of individuals with periodontal disease and upper gastric diseases. Arch. Oral. Biol. 55, 896–901. doi: 10.1016/j.archoralbio.2010.06.018

 Silva-Rossi-Aguiar, V. P., Navarro-Rodriguez, T., Mattar, R., Siqueira de Melo Peres, M. P., Correa Barbuti, R., Silva, F. M., et al. (2009). Oral cavity is not a reservoir for Helicobacter pylori in infected patients with functional dyspepsia. Oral. Microbiol. Immunol. 24, 255–259. doi: 10.1111/j.1399-302X.2008.00491.x

 Singh, S., Singh, S. K., Chowdhury, I., and Singh, R. (2017). Understanding the mechanism of bacterial biofilms resistance to antimicrobial agents. Open Microbiol. J. 11, 53–62. doi: 10.2174/1874285801711010053

 Siqueira, J. F. Jr., and Rôças, I. N. (2009). Diversity of endodontic microbiota revisited. J. Dent. Res. 88, 969–981. doi: 10.1177/0022034509346549

 Siqueira, J. F. Jr., and Rôças, I. N. (2013). As-yet-uncultivated oral bacteria: breadth and association with oral and extra-oral diseases. J. Oral. Microbiol. 5, 21077. doi: 10.3402/jom.v5i0.21077

 Smartt, A. E., and Ripp, S. (2011). Bacteriophage reporter technology for sensing and detecting microbial targets. Analyt. Bioanalyt. Chem. 400, 991–1007. doi: 10.1007/s00216-010-4561-3

 Smith, B., and Oliver, J. D. (2006). In Situ and In Vitro Gene Expression by Vibrio vulnificus during Entry into, Persistence within, and Resuscitation from the Viable but Nonculturable State. Appl. Environ. Microbiol. 72, 1445–1451. doi: 10.1128/AEM.72.2.1445-1451.2006

 Standar, K., Kreikemeyer, B., Redanz, S., Münter, W. L., Laue, M., and Podbielski, A. (2010). Setup of an in vitro test system for basic studies on biofilm behavior of mixed-species cultures with dental and periodontal pathogens. PloS One 5:e13135. doi: 10.1371/journal.pone.0013135

 Sterzenbach, T., Neumann, V., Trips, E., Basche, S., Hannig, C., and Kühne, M. T. (2024). Establishment of a protocol for viability qPCR in dental hard tissues. Microorganisms 12:1400. doi: 10.3390/microorganisms12071400

 Stewart, E. J. (2012). Growing unculturable bacteria. J. Bacteriol. 194, 4151–4160. doi: 10.1128/JB.00345-12

 Stewart, P. S., and Franklin, M. J. (2008). Physiological heterogeneity in biofilms. Nat. Rev. Microbiol. 6, 199–210. doi: 10.1038/nrmicro1838

 Stiefel, P., Schmidt-Emrich, S., Maniura-Weber, K., and Ren, Q. (2015). Critical aspects of using bacterial cell viability assays with the fluorophores SYTO9 and propidium iodide. BMC Microbiol. 15, 36. doi: 10.1186/s12866-015-0376-x

 Stuart, M. R., Chou, L. S., and Weimer, B. C. (1999). Influence of carbohydrate starvation and arginine on culturability and amino acid utilization of lactococcus lactis subsp. lactis. Appl. Environ. Microbiol. 65, 665–673. doi: 10.1128/AEM.65.2.665-673.1999

 Sun, F., Chen, J., Zhong, L., Zhang, X. H., Wang, R., Guo, Q., et al. (2008). Characterization and virulence retention of viable but nonculturable Vibrio harveyi. FEMS Microbiol. Ecol. 64, 37–44. doi: 10.1111/j.1574-6941.2008.00442.x

 Sundar, G. S., Islam, E., Braza, R. D., Silver, A. B., Le Breton, Y., and McIver, K. S. (2018). Route of glucose uptake in the group a streptococcus impacts SLS-mediated hemolysis and survival in human blood. Front. Cell. Infect. Microbiol. 8. doi: 10.3389/fcimb.2018.00071

 Šuster, K., and Cör, A. (2023). Induction of viable but non-culturable state in clinically relevant staphylococci and their detection with bacteriophage K. Antibiotics 12, 311. doi: 10.3390/antibiotics12020311

 Taylor, M. J., Bentham, R. H., and Ross, K. E. (2014). Limitations of using propidium monoazide with qPCR to discriminate between live and dead legionella in biofilm samples. Microbiol. Insights 7, MBI.S17723. doi: 10.4137/MBI.S17723

 Tegtmeyer, N., Wessler, S., and Backert, S. (2011). Role of the cag-pathogenicity island encoded type IV secretion system in Helicobacter pylori pathogenesis. FEBS J. 278, 1190–1202. doi: 10.1111/j.1742-4658.2011.08035.x

 Tennert, C., Fuhrmann, M., Wittmer, A., Karygianni, L., Altenburger, M. J., Pelz, K., et al. (2014). New bacterial composition in primary and persistent/secondary endodontic infections with respect to clinical and radiographic findings. J. Endod. 40, 670–677. doi: 10.1016/j.joen.2013.10.005

 Thomas, C., Hill, D., and Mabey, M. (2002). Culturability, injury and morphological dynamics of thermophilic Campylobacter spp. within a laboratory-based aquatic model system. J. Appl. Microbiol. 92, 433–442. doi: 10.1046/j.1365-2672.2002.01550.x

 Togo, C. A., Wutor, V. C., Limson, J. L., and Pletschke, B. I. (2007). Novel detection of Escherichia coli beta-D-glucuronidase activity using a microbially-modified glassy carbon electrode and its potential for faecal pollution monitoring. Biotechnol. Lett. 29, 531–537. doi: 10.1007/s10529-006-9282-5

 Trainor, V. C., Udy, R. K., Bremer, P. J., and Cook, G. M. (1999). Survival of Streptococcus pyogenes under stress and starvation. FEMS Microbiol. Lett. 176, 421–428. doi: 10.1111/j.1574-6968.1999.tb13692.x

 Trapp, S., and Scott, W. (2017). A case of streptococcus pyogenes sepsis of possible oral origin. Fed. Pract. 34, 31–32. doi: 10.12788/emed.2017.0068

 Trevors, J. T. (2011). Viable but non-culturable (VBNC) bacteria: Gene expression in planktonic and biofilm cells. J. Microbiol. Methods 86, 266–273. doi: 10.1016/j.mimet.2011.04.018

 Trinh, K. T. L., and Lee, N. Y. (2022). Recent methods for the viability assessment of bacterial pathogens: advances, challenges, and future perspectives. Pathogens 11, 1057. doi: 10.3390/pathogens11091057

 TruChado, P., Gil, M. I., Larrosa, M., and Allende, A. (2020). Detection and quantification methods for viable but non-culturable (VBNC) cells in process wash water of fresh-cut produce: industrial validation. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00673

 Umeda, M., Kobayashi, H., Takeuchi, Y., Hayashi, J., Morotome-Hayashi, Y., Yano, K., et al. (2003). High prevalence of Helicobacter pylori detected by PCR in the oral cavities of periodontitis patients. J. Periodontol. 74, 129–134. doi: 10.1902/jop.2003.74.1.129

 Van, T. T., Elshagmani, E., Gor, M. C., Anwar, A., Scott, P. C., and Moore, R. J. (2017). Induction of spotty liver disease in layer hens by infection with Campylobacter hepaticus. Vet. Microbiol. 199, 85–90. doi: 10.1016/j.vetmic.2016.12.033

 Vilhena, C., Kaganovitch, E., Grünberger, A., Motz, M., Forné, I., Kohlheyer, D., et al. (2019). Importance of Pyruvate Sensing and Transport for the Resuscitation of Viable but Nonculturable Escherichia coli K-12. J. Bacteriol. 201, e00610-18. doi: 10.1128/JB.00610-18

 Wade, W. (2002). Unculturable bacteria–the uncharacterized organisms that cause oral infections. J. R. Soc. Med. 95, 81–83. doi: 10.1177/014107680209500207

 Wade, W. G. (2021). Resilience of the oral microbiome. Periodontol. 2000. 86, 113–122. doi: 10.1111/prd.12365

 Wagley, S., Morcrette, H., Kovacs-Simon, A., Yang, Z. R., Power, A., Tennant, R. K., et al. (2021). Bacterial dormancy: A subpopulation of viable but non-culturable cells demonstrates better fitness for revival. PloS Pathog. 17, e1009194. doi: 10.1371/journal.ppat.1009194

 Wahid, S. U. H., Campbell, B. E., Moore, R. J., and Istivan, T. (2024). Characterization of viable but nonculturable state of Campylobacter concisus. R. Soc. Open Sci. 11, 240088. doi: 10.1098/rsos.240088

 Wang, M., Ateia, M., Hatano, Y., Miyanaga, K., and Yoshimura, C. (2022). Novel fluorescence-based method for rapid quantification of live bacteria in river water and treated wastewater. Env. Sci. Adv. 1, 30–36. doi: 10.1039/D1VA00017A

 Wawrzyk, A., Rahnama, M., Rybitwa, D., Wieczorek, K., Michalczewski, G., Podsiadły, E., et al. (2020). Decontamination of microbiologically contaminated abiotic porous surfaces in an oral surgery clinic using vaporised hydrogen peroxide (VHP). J. Environ. Health Sci. Eng. 18, 639–653. doi: 10.1007/s40201-020-00490-z

 Weaver, A. A., Hasan, N. A., Klaassen, M., Karathia, H., Colwell, R. R., and Shrout, J. D. (2019). Prosthetic joint infections present diverse and unique microbial communities using combined whole-genome shotgun sequencing and culturing methods. J. Med. Microbiol. 68, 1507–1516. doi: 10.1099/jmm.0.001068

 Webb, G. B. (1932). Robert koch [1843-1910. Ann. Med. Hist. 4, 509–523.

 Wei, C., and Zhao, X. (2018). Induction of Viable but Nonculturable Escherichia coli O157:H7 by Low Temperature and Its Resuscitation. Front. Microbiol. 9, 2728. doi: 10.3389/fmicb.2018.02728

 Wideman, N. E., Oliver, J. D., Crandall, P. G., and Jarvis, N. A. (2021). Detection and Potential Virulence of Viable but Non-Culturable (VBNC) Listeria monocytogenes: A Review. Microorganisms 9:194. doi: 10.3390/microorganisms9010194

 Willenborg, J., Willms, D., Bertram, R., Goethe, R., and Valentin-Weigand, P. (2014). Characterization of multi-drug tolerant persister cells in Streptococcus suis. BMC Microbiol. 14, 120. doi: 10.1186/1471-2180-14-120

 Wingender, J., and Flemming, H. C. (2011). Biofilms in drinking water and their role as reservoir for pathogens. Int. J. Hyg. Environ. Health 214, 417–423. doi: 10.1016/j.ijheh.2011.05.009

 Wood, D. N., Chaussee, M. A., Chaussee, M. S., and Buttaro, B. A. (2005). Persistence of Streptococcus pyogenes in stationary-phase cultures. J. Bacteriol. 187, 3319–3328. doi: 10.1128/JB.187.10.3319-3328.2005

 Wood, T. K., Knabel, S. J., and Kwan, B. W. (2013). Bacterial persister cell formation and dormancy. Appl. Environ. Microbiol. 79, 7116–7121. doi: 10.1128/AEM.02636-13

 Wu, B., et al. (2020). Quorum sensing regulation confronts the development of a viable but non-culturable state in Vibrio cholerae. Environ. Microbiol. 22, 4314–4322. doi: 10.1111/1462-2920.15026

 Wu, B., Liang, W., and Kan, B. (2015). Enumeration of viable non-culturable Vibrio cholerae using propidium monoazide combined with quantitative PCR. J. Microbiol. Methods 115, 147–152. doi: 10.1016/j.mimet.2015.05.016

 Xie, G., Zhou, D., Zhao, G., Feng, X., Aguilar, Z. P., and Xu, H. (2021). Recombinase aided amplification with photoreactive DNA-binding dye for rapid detection of viable Staphylococcus aureus. LWT 135, 110249. doi: 10.1016/j.lwt.2020.110249

 Xu, H. S., Roberts, N., Singleton, F. L., Attwell, R. W., Grimes, D. J., and Colwell, R. R. (1982). Survival and viability of nonculturableEscherichia coli andVibrio cholerae in the estuarine and marine environment. Microb. Ecol. 8, 313–323. doi: 10.1007/BF02010671

 Xu, Z., Cheng, C., Shen, J., Lan, Y., Hu, S., Han, W., et al. (2018). In vitro antimicrobial effects and mechanisms of direct current air-liquid discharge plasma on planktonic Staphylococcus aureus and Escherichia coli in liquids. Bioelectrochemistry 121, 125–134. doi: 10.1016/j.bioelechem.2018.01.012

 Xu, Z., Wang, K., Liu, Z., Soteyome, T., Deng, Y., Chen, L., et al. (2021). A novel procedure in combination of genomic sequencing, flow cytometry and routine culturing for confirmation of beer spoilage caused by Pediococcus damnosus in viable but nonculturable state. LWT 154, 112623.

 Xu, Z., et al. (2022). A novel procedure in combination of genomic sequencing, flow cytometry and routine culturing for confirmation of beer spoilage caused by Pediococcus damnosus in viable but nonculturable state. LWT 154, 112623. doi: 10.1016/j.lwt.2021.112623

 Yadav, M., et al. (2022). Formic acid, an organic acid food preservative, induces viable-but-non-culturable state, and triggers new Antimicrobial Resistance traits in Acinetobacter baumannii and Klebsiella pneumoniae. Front. Microbiol. 13, 966207. doi: 10.3389/fmicb.2022.966207

 Yadav, M., Singhal, C., Babbar, S., Tanwar, S., Awasthi, S., Pandey, S., et al. (2023). Antibiotics and surface disinfectant induce VBNC and emergence of resistance in hospital-associated pathogens. Int. J. Infect. Dis. 130, S98. doi: 10.1016/j.ijid.2023.04.243

 Yahara, K., Méric, G., Taylor, A. J., de Vries, S. P., Murray, S., Pascoe, B., et al. (2017). Genome-wide association of functional traits linked with Campylobacter jejuni survival from farm to fork. Environ. Microbiol. 19, 361–380. doi: 10.1111/emi.2017.19.issue-1

 Yan, T. L., Hu, Q. D., Zhang, Q., Li, Y. M., and Liang, T. B. (2013). National rates of Helicobacter pylori recurrence are significantly and inversely correlated with human development index. Aliment. Pharmacol. Ther. 37, 963–968. doi: 10.1111/apt.2013.37.issue-10

 Yan, M., Xu, L., Jiang, H., Zhou, Z., Zhou, S., and Zhang, L. (2017). PMA-LAMP for rapid detection of Escherichia coli and shiga toxins from viable but non-culturable state. Microbial. Pathogene. 105, 245–250. doi: 10.1016/j.micpath.2017.02.001

 Yang, D., Zhao, L., Rao, L., and Liao, X. (2023). Effect of preliminary stresses on the induction of viable but non-culturable Escherichia coli O157:H7 NCTC 12900 and Staphylococcus aureus ATCC 6538. Food Res. Int. 167, 112710. doi: 10.1016/j.foodres.2023.112710

 Ye, Z., Li, H., Jia, Y., Fan, J., Wan, J., Guo, L., et al. (2020). Supplementing resuscitation-promoting factor (Rpf) enhanced biodegradation of polychlorinated biphenyls (PCBs) by Rhodococcus biphenylivorans strain TG9T. Environ. pollut. 263, 114488. doi: 10.1016/j.envpol.2020.114488

 Ye, C., Xia, Z., Tang, J., Khemwong, T., Kapila, Y., Kuraji, R., et al. (2020). Unculturable and culturable periodontal-related bacteria are associated with periodontal inflammation during pregnancy and with preterm low birth weight delivery. Sci. Rep. 10, 15807. doi: 10.1038/s41598-020-72807-9

 Yoon, J. H., and Lee, S. Y. (2020). Characteristics of viable-but-nonculturable Vibrio parahaemolyticus induced by nutrient-deficiency at cold temperature. Crit. Rev. Food Sci. Nutr. 60, 1302–1320. doi: 10.1080/10408398.2019.1570076

 Young, K. A., Allaker, R. P., and Hardie, J. M. (2001). Morphological analysis of Helicobacter pylori from gastric biopsies and dental plaque by scanning electron microscopy. Oral. Microbiol. Immunol. 16, 178–181. doi: 10.1034/j.1399-302x.2001.016003178.x

 Zacharias, N., Kistemann, T., and Schreiber, C. (2015). Application of flow cytometry and PMA-qPCR to distinguish between membrane intact and membrane compromised bacteria cells in an aquatic milieu. Int. J. Hyg. Environ. Health 218, 714–722. doi: 10.1016/j.ijheh.2015.04.001

 Zadeh, R. G., Kalani, B. S., Ari Mahdizade, M., Talebi, M., Razavi, S., and Jazi, F. M. (2022). Isolation of persister cells within the biofilm and relative gene expression analysis of type II toxin/antitoxin system in Pseudomonas aeruginosa isolates in exponential and stationary phases. J. Global Antimicrobial. Resist. 28, 30–37. doi: 10.1016/j.jgar.2021.11.009

 Zandri, G., Pasquaroli, S., Vignaroli, C., Talevi, S., Manso, E., Donelli, G., et al. (2012). Detection of viable but non-culturable staphylococci in biofilms from central venous catheters negative on standard microbiological assays. Clin. Microbiol. Infect. 18, E259–E261. doi: 10.1111/j.1469-0691.2012.03893.x

 Zhang, Z., Liu, W., Xu, H., Aguilar, Z. P., Shah, N. P., and Wei, H. (2015). Propidium monoazide combined with real-time PCR for selective detection of viable Staphylococcus aureus in milk powder and meat products. J. Dairy. Sci. 98, 1625–1633. doi: 10.3168/jds.2014-8938

 Zhang, Q., Qin, S., Xu, X., Zhao, J., Zhang, H., Liu, Z., et al. (2020). Inhibitory Effect of Lactobacillus plantarum CCFM8724 towards Streptococcus mutans- and Candida albicans-Induced Caries in Rats. Oxid. Med. Cell Longev. 2020, 4345804. doi: 10.1155/2020/4345804

 Zhang, X.-H., Ahmad, W., Zhu, X. Y., Chen, J., and Austin, B. (2021). Viable but nonculturable bacteria and their resuscitation: implications for cultivating uncultured marine microorganisms. Mar. Life Sci. Technol. 3, 189–203. doi: 10.1007/s42995-020-00041-3

 Zhang, L., Chen, X., Ren, B., Zhou, X., and Cheng, L. (2022). Helicobacter pylori in the oral cavity: current evidence and potential survival strategies. Int. J. Mol. Sci. 23, 13646. doi: 10.3390/ijms232113646

 Zhang, D., Mao, F., Huang, S., Chen, C., Li, D., Zeng, F., et al. (2024). Recurrence rate and influencing factors of helicobacter pylori infection after successful eradication in southern coastal China. Int. J. Gen. Med. 17, 1039–1046. doi: 10.2147/IJGM.S452348

 Zhao, F., et al. (2013). Induction of viable but nonculturable Escherichia coli O157:H7 by high pressure CO2 and its characteristics. PloS One 8, e62388. doi: 10.1371/journal.pone.0062388

 Zhao, F., Wang, Y., An, H., Hao, Y., Hu, X., and Liao, X. (2016). New Insights into the Formation of Viable but Nonculturable Escherichia coli O157:H7 Induced by High-Pressure CO2. mBio 7, e00961-16. doi: 10.1128/mBio.00961-16

 Zhao, X., Zhong, J., Wei, C., Lin, C. W., and Ding, T. (2017). Current perspectives on viable but non-culturable state in foodborne pathogens. Front. Microbiol. 8, 580. doi: 10.3389/fmicb.2017.00580

 Zhou, W., Wang, K., Hong, W., Bai, C., Chen, L., Fu, X., et al. (2020). Development and application of a simple “Easy to operate” Propidium monoazide-crossing priming amplification on detection of viable and viable but non-culturable cells of O157 escherichia coli. Front. Microbiol. 11, 569105. doi: 10.3389/fmicb.2020.569105

 Zhu, M., Mu, H., and Dai, X. (2024). Integrated control of bacterial growth and stress response by (p)ppGpp in Escherichia coli: A seesaw fashion. iScience 27, 108818. doi: 10.1016/j.isci.2024.108818




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Mahdizade Ari, Scholz, Cieplik and Al-Ahmad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1533768-g002.jpg
Log state VBNC state Resuscitation state

A | ;
| i :
| | |
& I l l
P ] |
= | ' '
E l | R |
- ' !
= | '
= | E i Antibiotic resistance _
= : E i Metabolic activity —
: ' ' Virulence —_—
| E i Stress factor
e\ L . X
B |
Bacteriophage and
/‘ How to detect VBNC state? ‘\ Biosfnsois
qPCR and RT-qPCR
\ I Based on phage
Based on gene amplification in host cell
expression \ / Based on sense
biomolecules
\ VBNC assessment !
‘/Q DVC- and RING-FISH
PMA-qPCR Detection of specific genes,
Based on cell membrane and measuring changes in
damage acid nucleic and proteins
LIVE/DEAD BacLight LIC, CTC-DATT ang
. Fluorescent staining
staining

Based on cell respiratory

Based on cytoplasmic iy
system activity

membrane integrity

Metabolic activity

Accumulation of crucial or
important related factors





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Viable but non-cultivable state in oral microbiota: a critical review of an underexplored microbial survival strategy

      

        		

          1 Introduction

        



        		

          2 VBNC state in bacteria

        



        		

          3 VBNC state formation theories

        



        		

          4 Parameters for assessing bacteria in the VBNC state and distinguishing from persister cells

        



        		

          5 Resuscitation in the VBNC state

        



        		

          6 Significance of the VBNC state in public health

        

          		

            6.1 Medical context

          



          		

            6.2 Food and environment context (nonmedical)

          



          		

            6.3 Biofilm and antibiotic resistance issues

          



        



        



        		

          7 Methods for detecting the VBNC state

        

          		

            7.1 Culture-based methods

          



          		

            7.2 Approaches based on metabolic activity

          



          		

            7.3 Approaches based on membrane integrity

          

            		

              7.3.1 Dye exclusion and flow cytometry

            



            		

              7.3.2 PCR-based techniques

            



          



          



          		

            7.4 Other techniques

          



        



        



        		

          8 VBNC state in the oral cavity

        

          		

            8.1 VBNC state in P. gingivalis, F. nucleatum, and A. actinomycetemcomitans

          



          		

            8.2 VBNC state in oral Enterococcus spp., Streptococcus spp. and other oral bacterial strains

          



          		

            8.3 VBNC state in H. pylori and Helicobacter-like organisms (Campylobacter spp.)

          



        



        



        		

          9 Conclusions and future research directions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2025.1533768_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Viable but non-cultivable state in oral
microbiota: a critical review of an
underexplored microbial survival strategy





OEBPS/Images/fcimb-15-1533768-g001.jpg
2015

A
A
% 4
X V.

Xu et al. Ravel et al. | Divol et al. Schottroff et al.
First 1den.t1ﬁcat10r% of Gene regulation theory Ident1ﬁc.:at10n Of Impact of VBNC in food
VBNC 1n bacteria (1st) VBNC in Fungi

O

Roszak et al. Desues ef al. Ayrapetyan et al.

Resuscitation from VBNC Cell recession theory Studying VBNC vs
(2nd) ~ Persister cells






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-15-1533768-g003.jpg
H. pylori (spiral form)

BNC H. pylori
(coccoid form)

Oral cavity

Swallowing
Reflux/ hiccup

v \
Res<i|?citation ! 0 < @

Stomach

Ulcerated stomach





OEBPS/Images/table1.jpg
Microbial species

Type of
the diseases

Sources of
the
VBNC

presence

Detection method or
Techniques used

References

P. gingivalis and A. actinomycetemcomitans

E. faecalis

E. faecalis

P. gingivalis

S. mitis, S. salivarius and S. sanguinis,
S. mutans, P. gingivalis, F. nucleatum,
Parvimonas micra, S. intermedius
and A.actinomycetemcomitans

S. enterica and C. jejuni

E. coli and B. subtilis and viruses (MS2 and
‘murine norovirus)

S. epidermidis and S. aureus

S. oralis, S. gordonii, V. parvula, F. nucleatum
and P. intermedia

E. faecalis

S. cerevisiae

S. aureus in biofilms

S. Enteritidis
E. faecalis

L. pneumophila and E. coli

L. pneumophila

E. coli

H. pylori

H. pylori

H. pylori

V. cholerae

E.coli O157:H7

S. aureus, B. cereus, C. perfringens,
and Enterobacteriaceae

A citrulli

P. aeruginosa

R. biphenylivorans

L. monocytogenes

C. jejuni

S. enterica

E.coli O157:H7

E.coli O157:H7 and S. enterica

S. aureus

S. enterica

MRSA

P. acidilactici

Cronobacter sakazakii

H. pylori

P. gingivalis

E. coli

V. parahaemolyticus

A. baumannii

C. jejuni

MRSA

S. aureus, S. epidermidis, and S. lugdunensis

E. coli
E. faccalis

C. concisus

A. hydrophila

A. tumefaciens and R. leguminosarum

A. calcoaceticus, B. cepacia, and P. putida

Thermophilic Campylobacter spp. (like C. coli
and C. lari)

C. jejuni and E. coli

C. freundii

S. marcescens, K. planticola, and C. allerginae

K. pneumoniae, E. aerogenes, A. tumefaciens,
E. faecalis, M. flavus, B. subtilis, and
Pseudomonas strains

E. hirae and E. faecium

H. pylori

M. tuberculosis

Periodontitis

Periodontitis

Periodontitis

Periodontitis

Dental caries
Periodontitis

Diarthea, fever and
abdominal cramps

Gastrointestinal
diseases

Opportunistic
infections

Dental caries
Periodontitis

Opportunistic
infections

Gastrointestinal
diseases

Opportunistic
infections

Diarrhea, fever and
abdominal cramps

Periodontitis

Diarrhea, fever and
abdominal cramps

Opportunistic
infections

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Opportunistic
infections

Gastrointestinal
diseases

listeriosis

Gastrointestinal
diseases

Diarrhea, fever and
abdominal cramps

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Diarrhea, fever and
abdominal cramps

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Periodontitis

Gastrointestinal
diseases

Gastrointestinal
diseases

Opportunistic
infections

Gastrointestinal
diseases

Gastrointestinal
diseases

Opportunistic
infections

Gastrointestinal
diseases

Periodontitis

Periodontitis

Hemorrhagic
septicemia in
aquatic animals

Infectious disease
in plants e.g.
crown gall disease

Waterborne
diseases like
diarrhea

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Gastrointestinal
diseases

Opportunistic
infections

Freshwater
health hazard

Tuberculosis

Oral cavity

Oral cavity

Oral cavity

Oral cavity

Oral cavity

Food

Food

Biofilms from
central
venous
catheters

Oral cavity

Water

Food

Chronic
implant-
associated
infections

Food

Oral cavity

Water

Water

Water

Water

Water

Water

‘Water

Food

Food

Food

Water

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Oral cavity

Water

Food

Food

Food

Food

Prosthetic
joint infections

Food

Oral cavity

Oral cavity

Water

Water

Water

‘Water

‘Water

Water

Water

Water

Water

Water

Soil
and mammals

Culture and gPCR
Culture, PCR and histological

Incubation at 4°C under direct light + room
temperature without direct illumination
Then, LIVE/DEAD Kkit, adherence assay, and
biofilm formation method for detection

of VBNC.

Culture and microscopy

Safranin-staining, viable counts
and microscopic

PMA-PCR

PMA-qPCR

PMA-qPCR

PMA-qPCR

PMA-qPCR

Flow cytometry and culture

Different concentrations of vancomycin or
quinupristin/Dalfopristin + Nutrient
depletion until loss of cultivability

Confocal laser-scanning microscopy

Flow cytometry

SYTO9+PMA-qPCR

LIVE/DEAD flow cytometry
PMA-qPCR

Flow cytometric analysis

PMA-qPCR

PMA-qPCR

Sodium hypochlorite treated samples were
exposed to PMA

LIVE/DEAD staining and Biology
phenotype metabolism arrays (like
Microarray plates PM1)

PMA-qPCR

PMA-LAMP

PMA-qPCR

Different concentrations of copper sulfate

PMA-qPCR

First, VBNC state induced by norfloxacin,
Then, VBNC state was detected by
infrared spectroscopy

EMA and PMAxx-qPCR
PMA-qPCR

First, nutrition starvation, salt stress, low-
level acidity, and low temperature.
Then, PMA-PCR

PMA-CPA

PMA-qPCR
PMA-LAMP

PMA-PCR

PMA-CPA

PMA-CPA

PMA-CPA

IMS + improved PMAxx ddPCR

PMA and PEMAX"™.qPCR

Exposure to hydrogen peroxide
Then, LIVE/DEAD staining

BacLight kit and fluorescence spectroscopy

PMA-qPCR

LIVE/DEAD staining, flow cytometry,
respiratory activity assays, and
resuscitation experiments

PMA-qPCR

PMA-qPCR

“Bacteriophages”
First, gentamycin concentrations for VBNC
state induction

Then, VBNC state was detected by
bacteriophage K and assessed in a gPCR

Temperature, metal, and antibiotic

PMA-qPCR

Incubation at 4°C
Then, PMAxx-qPCR

Plate count method and direct viable count
microscopical method after staining with
fluorescein diacetate and ethidium bromide

LIVE/DEAD staining

Colony hybridization and fluorescent in
situ hybridization

Cultural and microscopic techniques

Cultural and microscopic techniques

Cultural and qPCR techniques

Cultural and microscopic techniques

Plate counts, acridine orange direct counts,
and direct viable counts

Cultural and qPCR techniques

LIVE/DEAD staining

Starvation, oxygen limitation
whole-genome sequencing

(Kozarov et al., 2005)

(Sedgley et al., 2005)

(Lleo et al., 2007)

(Li et al,, 2008)

(Standar et al., 2010)

(Banihashemi et al., 2012)

(Kim and Ko, 2012)

(Zandri et al., 2012)

(Alvarez et al.,, 2013)

(Gin and Goh, 2013)

(Salma et al., 2013)

(Pasquaroli et al., 2013)

(Morishige et al., 2015)
(E et al,, 2015)

(Zacharias et al., 2015)

(Buse et al., 2013)

(Kibbee and Ormeci, 2017)

(Orta de Velasquez et al., 2017)

(Moreno-Mesonero et al,, 2017)

(Boehnke et al., 2017)

(Wu et al,, 2015)

(Yan et al,, 2017)

(El-Aziz et al,, 2018)

(Kan et al,, 2019)

(Golpayegani et al., 2019)

(Jia et al,, 2020)

(TruChado et al,, 2020)

(Lv et al., 2020)

(Wu et al., 2020)

(Zhou et al., 2020)

(Ye Z. et al., 2020)

(Li et al., 2020b)

(Ou et al,, 2021)

(Jiang et al,, 2021)

(Guan et al., 2021)

(Lv et al, 2021)

(Hortelano et al., 2021)

(Progulske-Fox et al., 2022)

(Wang et al., 2022)

(Di Salvo et al, 2023)

(Kénig et al., 2023)

(Reichelt et al., 2023)

(Ou et al,, 2021)

(Suster and Cor, 2023)

(Izgordii O et al, 2024)
(Sterzenbach et al., 2024)

(Wahid et al., 2024)

(Rahman et al.,, 2001)

(Alexander et al,, 1999)

(Lemke and Leff, 2006)

(Thomas et al., 2002)

(Cook and Bolster, 2007)

(Dhiaf et al., 2008)

(Heidelberg et al., 1997)

(Byrd et al,, 1991)

(Lleo et al., 2001)

(Adams et al., 2003)

(Downing et al., 2005)

VBN, Viable but non-cultivable; PCR, Polymerase chain reaction; PMA, propidium monovazide; CPA, priming amplification; IMS, Immunomagnetic separation; ddPCR, droplet digital PCR;
qPCR, quantitative real-time PCR; S. mitis, Streptococcus mitis; S. salivarius, Streptococcus salivarius; P. micra, Parvimonas micra; S. intermedius, Staphylococcus Intermedius; B. subtilis, Bacillus
subtilis; S. oralis, streptococcus oralis; S. gordonii, streptococcus gordonii; V. parvula, Veillonella parvula; S. cerevisiae, Saccharomyces cerevisiae; B. cereus, Bacillus cereus; C. perfringens, Clostridium
perfringens; A. citrulli, Acidovorasx citrulli P. acidilactici, Pediococcus acidilactici; C. sakazakii, Cronobacter sakazakii S. lugdunensis, Staphylococcus lugdunensis.





