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Salmonella is one of the leading causes of bacterial gastroenteritis. High prevalence of Salmonella in environment is partially due to its ability to enter the “viable but non-culturable” (VBNC) state when they encounter unfavorable conditions. Dried teas are traditionally believed to have a low risk of causing salmonellosis. This study investigated the survival of Salmonella in four types of dried teas under different storage conditions and brewing methods. A method that coupled propidium monoazide (PMA) and quantitative PCR was optimized to quantify VBNC Salmonella cells to assess the risk of Salmonella contamination in teas after brewing. Each tea sample was inoculated with Salmonella at an 8 log CFU/ml concentration and stored at 4, 10, and 25°C. Under three storage conditions, the number of survived Salmonella was highest in teas stored at 4°C and lowest in teas stored at 25°C. After storage of 120 days, culturable Salmonella was detected from all samples ranging from 6–7 log CFU/g (4°C storage) to 3–4 log CFU/g (25°C storage). The effectiveness of brewing methods in inactivating Salmonella was assessed by brewing inoculated teas at room temperature, 55, 75, and 100°C for 10 min. Brewing teas at 75 and 100°C significantly (P < 0.05) reduced the number of viable Salmonella, but VBNC Salmonella formed when brewed at 75°C. Altogether, Salmonella can persist in dried teas for over 3 months at a temperature ranging from 4 to 25°C, and thermal treatment delivered during home brewing may not eradicate Salmonella in teas.
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INTRODUCTION

Each year, consumption of unsafe food is responsible for over 600 million foodborne illnesses and 420,000 deaths worldwide (World Health Organization, 2015). Of the 31 identified etiologic agents of foodborne diseases, non-typhoidal Salmonella enterica serotypes are recognized as the bacterial agent with the highest capability to cause foodborne mortality (ca. 59,000 deaths). From a social-economic perspective, non-typhoidal S. enterica was considered the costliest foodborne pathogen among the fourteen major foodborne pathogens (Hoffmann et al., 2012; World Health Organization, 2015). Salmonella is highly prevalent in both agricultural and wildlife environments and can withstand a wide variety of stresses (Humphrey, 2004). Although most salmonellosis can be attributed to contaminated animal products (e.g., pork, poultry and eggs), a considerable number of worldwide Salmonella-associated outbreaks were linked to food with low moisture content, including spices, chocolate, peanut butter, almonds and paprika (Lehmacher et al., 1995; Kirk et al., 2004; Isaacs et al., 2005; Werber et al., 2005; Centers for Disease Control Prevention, 2007). In 2003, a nationwide Salmonella outbreak was associated with herbal tea in Germany, and the majority of the reported infections occurred in infants (Koch et al., 2005). In 2008, another Salmonella outbreak caused by herbal tea was reported in Serbia (Ilić et al., 2010). Salmonella is known to persist in desiccation conditions and respond effectively to environmental stimuli (Abdelhamid and Yousef, 2020). Several studies showed that desiccated Salmonella cells demonstrated a higher thermal resistance than untreated cells (Hiramatsu et al., 2005; Shachar and Yaron, 2006; Gruzdev et al., 2011). Salmonella can prevent water loss under suboptimal water activity conditions by osmoadaptation mechanisms, such as the production of intracellular osmoprotectants (Csonka and Hanson, 1991; Finn et al., 2013). Entering into a viable but non-culturable (VBNC) state has been proposed as another vital survival strategy of Salmonella under desiccation conditions (Oliver, 2010; Gruzdev et al., 2012). VBNC bacterial cells cannot be detected by the conventional culture-based methods, so that the risk of Salmonella contamination in low-moisture foods may be underestimated (Salive et al., 2020). Real-time quantitative PCR (qPCR) is an accurate and sensitive method to detect Salmonella in food matrices, but it cannot differentiate between live and dead bacteria and may overestimate the number of viable cells (Fittipaldi et al., 2011). An intercalating dye, propidium monoazide (PMA), has been identified to covalently bond to double-strand DNA upon light exposure and block the binding of DNA polymerase (Nocker et al., 2006). The bulky and positively charged PMA is membrane-impermeant that cannot enter viable cells with intact membranes (Nocker et al., 2006). Inclusion of PMA treatment prior to qPCR assay can selectively limit DNA amplification to the viable cells. The unbounded PMA are inactive during the light exposure and eliminated in the subsequent DNA extraction step.

Dried herbs and teas are widely traded and consumed globally. In recent years, Salmonella has implicated numerous recalls of herbs and teas. In the period of 2008–2011, European Commission triggered 22 alerts for herbs and species, and Salmonella was detected in 21 of these products (Public Health Ontario, 2015). In 2019, the Canadian Food Inspection Agency issued recalls for six dried tea products of different brands due to the potential risk of Salmonella contamination (Canadian Food Inspection Agency, 2019). Although the thermal treatment recommended by brewing instructions should inactivate Salmonella, consumers may use different brewing methods depending on their preferences. It is therefore important to assess the survival of Salmonella in the real-world scenarios of storage and brewing conditions for tea products. However, there are few studies on the survival of Salmonella in herbal tea and other tea products. Keller et al. (2015) investigated the survival of Salmonella in tea during storage and brewing using the conventional plating assay, but they did not assess the potential risks of VBNC Salmonella that may form due to the stresses induced upon brewing. This study aims to investigate the survival of Salmonella in four types of tea products stored and brewed at different temperatures that mimic in-home operations.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Four Salmonella strains, namely S. enterica serovar Enteritidis (CMCC 50041), S. Typhimurium (CMCC 50115), S. Agona (ATCC®51957™) and S. Newport (ATCC®6962™), were used for investigating the survival of Salmonella in tea products. Dehydrated culture media, TSA and TSB, were purchased from Beijing Solarbio Science and Technology Co., (Beijing, China). The specificity of qPCR was verified using thirteen bacterial strains, including Gram-negative and Gram-positive bacteria (Table 1). All bacterial strains were routinely cultivated on Tryptic Soy agar (TSA) plates at 37°C under aerobic conditions for 16 h. Liquid cultures used as bacterial inoculants were obtained by growing a single colony of each strain in Tryptic Soy broth (TSB) with constant shaking at 37°C under aerobic conditions for 4 h. The bacterial cells were harvested by centrifugation at 8,000 × g for 5 min, and cell pellets were washed three times by phosphate-buffered saline (PBS). The washed bacterial cells were resuspended in PBS to reach a final concentration of 108 CFU/ml. Equal volumes of bacterial suspension of each strain were mixed to make inoculant cocktails at a 108 CFU/ml final concentration. The prepared inoculant was stored at 4°C for 24 h prior to inoculation.


TABLE 1. Bacterial strains used for qPCR specificity tests.
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Collection and Preparation of Tea Samples

Four types of loose-leaf teas, namely black tea, green tea, peppermint tea, and chamomile tea, were purchased from local supermarkets. All the tea samples were originally vacuum sealed by the manufacturers. The microbial background of all tea products was determined by the plating assay prior to further experiments to exclude highly contaminated samples. Briefly, 3 g of tea were added to 27 ml sterile PBS and mixed thoroughly, and 0.1 ml of the supernatant was spread onto TSA plates, followed by incubation at 37°C for 24 h. The products with no culturable bacteria were selected and further sterilized at 121°C for 15 min. The absence of culturable cells was verified by the plating assay.



Preparation of Live and Dead Bacterial Cultures

Live bacterial cultures were prepared by mixing 4 Salmonella overnight cultures to achieve a final concentration of 108 CFU/ml in PBS as aforementioned in section “Bacterial Strains and Culture Conditions.” Dead bacterial cultures were collected by heating the live bacterial cultures at 100°C for 10 min in boiling water. The viability of the dead bacterial culture was verified by the plating assay.



PMA Optimization and DNA Extraction

Propidium monoazide concentration, dark incubation time, and light exposure time were optimized by orthogonal experiments. One millimolar PMA stock solution was prepared by dissolving PMA (Biotium Inc., Hayward, CA, United States) in 20% dimethyl sulfoxide (Sigma-Aldrich) according to the manufacturer’s instruction and then stored at −20°C in dark until use. The prepared live and dead bacterial cultures at 108 CFU/ml were treated with PMA at a range of different concentrations. Dark incubation of PMA and bacteria mixtures was performed at room temperature with constant shaking at 100 rpm, followed by photoactivation under a 650-W halogen light at a distance of 20 cm from the samples. PMA treated cells were then washed three times with sterile distilled water, and the genome DNA (gDNA) was extracted using TIANamp Bacterial DNA Extraction Kit (Tiangen, Beijing, China). The optimal condition of PMA treatment was defined as the condition that can entirely prevent qPCR signals from dead bacterial cells (Ct value > 35, higher is better) without affecting the viability of live bacterial cells (Ct < 35, lower is better).

To determine the optimal concentration of PMA for discriminating between live and dead bacterial cells, six different PMA concentrations, namely 0, 5, 10, 20, 50 and 100 μM, were used to treat prepared live and dead Salmonella cultures separately. Dark incubated time was 10 min, and photoactivation time was 10 min. To determine the optimal time of dark incubation, PMA at a concentration of 20 μM was used to treat live and dead Salmonella cultures. Five dark incubation times were tested, namely 0, 5, 10, 15 and 20 min. The photoactivation time was 10 min. PMA at a concentration of 20 μM was used to treat live and dead Salmonella cultures to determine the optimal time of photoactivation. The dark incubation time was 5 min. Five light exposure times were tested, namely 0, 5, 10, 15, and 20 min.



PMA-qPCR Assay

The primers targeting the ttrA gene of Salmonella specific ttr locus were used for Salmonella quantification as previously described (Martin et al., 2012). The sequences of the primers were ttrA forward (5′-GTCGCAGGAACACCCGATT-3′) and ttrA reverse (5′-TTGCTGCCGAAGCTATTTAGC-3′), and the amplicon was 417 bp. The qPCR amplification was performed in a 20-μl reaction system, containing 2.0 μl of template DNA, 10 μl of TB Green Premix Ex Taq II (Tli RNaseH Plus, Takara, Dalian, China), 200 nM of each primer, 0.4 μl of ROX Reference Dye, and 6.0 μl of sterile distilled water. The qPCR analysis was conducted using a Mastercycler ep gradient realplex system (Eppendorf, Germany) via the following program: an initial denaturation at 95°C for 2 min, 40 cycles of denaturation at 95°C for 15 s, annealing at 64.5°C for 30 s and elongation at 68°C for 60 s. A non-template negative control was included in each run of qPCR. The experiment was conducted at least in triplicates. The specificity of PMA-qPCR was tested using 13 different bacterial strains (Table 1).



Standard Curves and Amplification Efficiency

The sensitivity and amplification efficiency of the optimized PMA-qPCR assay in testing Salmonella in each type of tea product was separately determined. Salmonella cultures at the exponential phase were used to develop a series of 10-fold dilutions ranging from 1 to 8 log CFU/ml. The standard curves were established by plotting the concentration of Salmonella cells against the obtained Ct values. The slope of each standard curve was used to calculate the amplification efficiency (E) of PMA-qPCR for the specific type of tea using the equation E = [10(–1/slope) − 1] × 100%.



Inoculation of Tea Products

Four types of tea products were weighed and transferred into sterile Petri dishes aseptically in quantities of 3 g. One milliliter of prepared Salmonella inoculant (section “Bacterial Strains and Culture Conditions”) was evenly pipetted onto the aliquoted tea samples. The inoculated tea samples were dried in biological safety cabinet for 24 h prior to further analysis. The re-dried tea samples were then vacuum sealed in small sterile sample bags (12 cm × 18 cm) using a vacuum sealer (Yute, Shanghai, China). To study the influence of temperature on the survival of Salmonella, the sealed samples were stored at three different temperatures, namely 4, 10, and 25°C.



Survival of Salmonella During Storage

The number of culturable Salmonella in 4 tea samples was separately determined after sealing (day 0) and after storage for 5, 10, 20, 30, 60, 90, and 120 days at 4, 10, and 25°C. At each sampling point, population of culturable Salmonella was determined by the plating assay. Briefly, 3 g of tea were added to 27 ml of sterile PBS and mixed thoroughly, and 1 ml of the supernatant was collected and serially diluted. The number of microbes was enumerated by spreading 0.1 ml of each dilution onto TSA plates, followed by incubation at 37°C for 24 h.



Survival of Salmonella After Brewing

Survival of Salmonella after brewing at three temperatures, namely 55, 75, and 100°C, was determined. Four types of tea samples were inoculated and dried as aforementioned in section “Inoculation of Tea Products.” Three grams of each inoculated tea sample was aseptically transferred into Erlenmeyer flasks (250 ml), and 100 ml of preheated water at 55, 75, and 100°C was added to the flasks, separately. The flasks were held at room temperature for 10 min in a biological safety cabinet. The number of culturable Salmonella was determined by the plating assay. One milliliter of the tea supernatant was collected for DNA extraction and PMA-qPCR analysis as described in section “PMA-qPCR Assay” to determine the number of VBNC bacterial cells.



Statistical Analysis

All experiments were conducted at least in three replicates. Results were presented as the mean ± standard deviation. Data analysis and visualization were performed using Origin (version OriginPro 2020, OriginLab Corporation, United States). One-way ANOVA followed by Duncan’s test was used to determine if the difference was statistically significant (P < 0.05).




RESULTS AND DISCUSSION


Optimization of Propidium Monoazide Treatment Condition

Propidium monoazide treatment has been reported to effectively prevent the indiscriminate amplification of bacterial DNA from viable and dead cells (Nocker et al., 2006; Josefsen et al., 2010). Previous studies demonstrated the capability of PMA in restricting DNA amplification to viable Salmonella cells in food matrices (Liang et al., 2011; Han et al., 2020). However, the optimal condition of PMA treatment varied widely among different studies. It is necessary to optimize the factors that can affect the efficiency of PMA treatment, including PMA concentration, dark incubation time, and light exposure time (Udomsil et al., 2016; Yuan et al., 2018). Insufficient concentration of PMA may not be able to suppress DNA amplification from dead cells entirely, and the number of viable cells can be overestimated.

Moreover, PMA at a high concentration showed cytotoxicity to viable cells. In the current study, five different PMA concentrations were applied to treat viable and dead Salmonella cells at the concentration of 108 CFU/ml. Figure 1A demonstrates the results of the optimization of PMA concentration. For viable cells, similar Ct values were obtained from all tested PMA concentrations, indicating that the viability of Salmonella was not influenced even at the highest tested concentration. For thermal-inactivated cells, Ct values increased along with the increase of PMA concentrations up to 20 μM. There was no significant difference in the obtained Ct values among the treatments of 20, 50, and 100 μM PMA. Therefore, 20 μM PMA was determined as the optimal concentration to inhibit DNA amplification in dead cells effectively.
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FIGURE 1. Optimization of PMA treatment condition. (A) Optimization of PMA concentration. Viable and dead Salmonella cells were separately treated with PMA at a range of concentrations, followed by 10 min dark incubation and 10 min light exposure. (B) Optimization of dark incubation time. Viable and dead Salmonella cells were separately treated with PMA at a concentration of 20 μM. Samples were incubated in dark for different durations, followed by light exposure for 10 min. (C) Optimization of light exposure time. Viable and dead Salmonella cells were separately treated with PMA at a concentration of 20 μM. Samples were incubated in dark for 5 min, followed by light exposure at different durations. Different letters indicated significant differences among different groups (P < 0.05).


With the optimized PMA concentration, dark incubation and light exposure durations were further adjusted (Figures 1B,C). DNA amplification was neither significantly affected by dark incubation time nor light exposure time for viable Salmonella cells. For dead Salmonella cells, dark incubation for 5 min and light exposure for 15 min were considered sufficient for PMA penetration and binding. Based on the results, 20 μM PMA, dark incubation for 5 min, and light exposure for 15 min were selected as the optimal PMA treatment condition and used for further analysis.



PMA-qPCR Assay

The specificity of the primer set was tested using 13 different bacterial strains (Table 1). All Salmonella strains showed positive results in DNA amplification, while no amplification was observed for non-Salmonella species. The ttrA primer set was highly specific to Salmonella, consistent with a previous study (Martin et al., 2012). Standard curve is required to estimate the amplification efficiency of qPCR reaction and quantify the number of cells in the samples. Desired amplification efficiency should be between 90 and 110% (Svec et al., 2015). Amplification efficiency can be affected by several factors, including variations in instrument, integrity of templates, inaccurate dilution, and presence of PCR inhibitors (Svec et al., 2015). Several studies demonstrated that high turbidity and presence of dark particles (e.g., clay, silt, and sludge) in samples can decrease PMA-qPCR efficiency (Bae and Wuertz, 2009; Li et al., 2014; Desneux et al., 2015). Tea is a complex matrix that contains many phytochemicals, pigments, and possibly dust so that the inhibitory effects of tea samples were addressed by conducting matrix-matched standard curves that is specific to each type of tea. The correlation coefficients for all four types of tea matrices were higher than 0.98, and the amplification efficiency ranged between 90 and 110% (Figure 2). The applicability of PMA-qPCR to detect and quantify Salmonella in four types of tea samples was thus confirmed.
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FIGURE 2. Standard curves of PMA-qPCR for the quantification of viable Salmonella enterica in four types of teas. (A) Black tea. (B) Green tea. (C) Peppermint tea. (D) Chamomile tea. The standard curves were generated from 10-fold dilutions of viable Salmonella cells in the supernatant of each tea. Amplification efficiency (E) of PMA-qPCR assay for each tea matrix was calculated using equation E = [10(–1/slope) – 1] × 100%.




Survival of Salmonella During Storage

Survival of Salmonella in four types of tea over the storage of 120 days at different temperatures is shown in Figure 3. The initial population of Salmonella in each type of tea was assessed after inoculation by the plating assay. Despite the same inoculant used, amount of Salmonella cells recovered were different among different tea types. Initial population recovered from black tea and green tea was 7.11 log CFU/g and 7.44 log CFU/g, respectively. The number of Salmonella for peppermint and chamomile on day 0 was 5.31 log CFU/g and 4.37 log CFU/g, respectively. The differences in the recovery rate could be caused by different natures of tea matrices. Food with large particles and porous structures may entrap bacteria (Stevens and Jaykus, 2004). The lowest Salmonella recovery was observed for chamomile tea, which is a flower rather than leave. The flowers may have more niches to trap Salmonella cells upon their settlement, resulting in insufficient separation during sample preparation.
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FIGURE 3. Survival of Salmonella in four types of teas during storage at 4, 10, and 25°C. (A) Black tea. (B) Green tea. (C) Peppermint tea. (D) Chamomile tea. Number of culturable S. enterica was monitored at day 0, 5, 10, 20, 30, 60, 90 and 120.


The number of survived Salmonella in all teas was stable when stored at 4 and 10°C. The largest decline of culturable Salmonella was observed in samples stored at 25°C for all types of tea. Despite the overall decrease trend of culturable Salmonella in all four types of tea over the 120 days, fluctuations in Salmonella cell numbers were observed at the early stages. The population of Salmonella in black tea and green tea declined rapidly during the first 5 days regardless of temperature, but the number of culturable Salmonella recovered almost to the initial level on day 10 except the samples stored at 25°C. For storage at 4°C, the number of culturable Salmonella increased in peppermint and chamomile tea untiled day 10, followed by a gradual decrease. At 120 days after inoculation, samples stored at 25°C showed the lowest culturable Salmonella counts for all four types of tea, indicating that Salmonella survived better in teas at 4°C than 25°C. A similar trend was reported in peanut butter that the number of survived Salmonella was higher in samples stored at 4°C than that at 25°C (Burnett et al., 2000). Another study conducted by Keller et al. (2015) compared the survival of Salmonella in tea and demonstrated that the decline of viable Salmonella was faster in tea samples stored at 35°C than that at 25°C. Two studies conducted by Beuchat and Mann (2010, 2014) also demonstrated that survival of Salmonella in low-moisture food was favored at refrigeration temperature rather than at room temperature. Salmonella can respond to various environmental stressors by reducing metabolism and even entering a metabolically dormant state (Humphrey, 2004). Low temperature as a stimulus may trigger the stress responses of bacteria at an early stage and enhance the subsequent survivals during long-term storage.



Survival of Salmonella After Brewing

Tea products generally undergo a dehydration process during production. Salmonella contamination may occur before dehydration. Salmonella cells pre-exposed to a desiccation condition develop tolerance to multiple stresses, including heat (Gruzdev et al., 2011). Besides, both thermal and osmotic stresses induced during brewing may lead to the formation of VBNC bacterial cells. Although VBNC Salmonella cells are generally avirulent, they could resuscitate and regain virulence under favorable conditions (Highmore et al., 2018). An effective brewing process should be able to eliminate both culturable and VBNC Salmonella. To determine the effect of different brewing temperatures on Salmonella, four different temperatures were applied. Figure 4 demonstrates the survival of Salmonella after brewing as determined by both the conventional plating assay and PMA-qPCR. Tea brewed at room temperature and 55°C showed no significant difference in Salmonella cell counts for all teas samples. The difference of Salmonella cell counts determined by the plating assay and PMA-qPCR was not statistically significant (P > 0.05) for all teas samples brewed at room temperature and 55°C. Brewing teas achieved more than 8-log reduction of Salmonella at 100°C for 10 min. At 75°C, the number of viable Salmonella cells determined by PMA-qPCR was significantly higher (P < 0.05) than that obtained by the plating assay for all tea samples. Taken together, the plating assay might underestimate viable Salmonella in teas after brewing. Although brewing tea at 100°C was validated to be effective in inactivating Salmonella in teas, it is unlikely to be a common operation for home-brewing. Therefore, Salmonella in teas can pose a potential risk to consumers if insufficient thermal treatment is delivered.
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FIGURE 4. Survival of Salmonella in four types of teas after brewing at room temperature (RT), 55, 75, and 100°C for 10 min. (A) Black tea. (B) Green tea. (C) Peppermint tea. (D) Chamomile tea. Total number of viable S. enterica was determined by PMA-qPCR, and total number of culturable S. enterica was determined using the plating assay.





CONCLUSION

Salmonella can survive in teas for over 3 months at a wide range of temperatures. Storing teas at refrigeration temperature could enhance the survival of Salmonella instead of eliminating it, and brewing cannot inactivate Salmonella in teas at a temperature below 55°C. Thus, teas contaminated with Salmonella can pose a risk to consumers after long-time storage and brewing.
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