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ABSTRACT

Many species of non-sporulating bacteria including Escherichia coli can enter into a viable but non-culturable
(VBNC) state under stress conditions. In this study, the change in thermal resistance of E. coli O157:H7 after
entering into the VBNC state in salted silver carp, Hypophthalmichthys molitrix, was investigated. E. coli
0157:H7 was inoculated on the fish control group (Te) and on those fish with 30% NaCl (Te + 30% nact) at room
temperature. Culturability of bacteria was determined using routine culture and colony counting on Sorbitol
MacConkey agar. When bacteria were non-cultivable, the RT-PCR of 16S rRNA gene (including direct extraction
and purification of RNA, DNase | treatment for removing DNA contamination, cDNA synthesis and
electrophoresis of PCR products of cDNA) was used to detect VBNC E. coli O157:H7. Also, cultivable and
VBNC E. coli 0157:H7 were individually heat-treated at 55, 62 and 70 °C for 5 min. The samples were cooled
and after 24 h, the thermal resistance of bacteria was determined through viability detection using RT-PCR of 16S
rRNA gene. The culturability of bacteria was kept in fish treatment but they were non-cultivable in fish under
30% NacCl after 5 days. The positive expression of 16S rRNA in all studied treatments indicated the entering of
E. coli O157:H7 into the VBNC state in fish treatment under 30% NaCl. Moreover, the RT-PCR of 16S rRNA
gene showed that only VBNC forms of E. coli O157:H7 showed viability at 62 °C for 5 min which indicated the
increased resistant of VBNC bacteria to the thermal inactivation. The ability of E. coli O157:H7 to enter into
VBNC state in salted fish and also the increase of its thermal resistance suggest that VBNC E. coli O157: H7 can
be considered as critical threat to public health and food safety.
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INTRODUCTION

Salting and smoking are popular and inexpensive methods for producing preferable taste and color as well as for
preserving meat and fish in many parts of the world, however, good hygiene is rarely practiced during producing
traditional salted fish especially in rural areas (Yam et al. 2015). Pathogenic bacteria can contaminate seafood
through the fecal contamination of water and also unhygienic conditions during the handling processes (Costa
2013; Khezri et al. 2016). Silver carp (Hypophthalmichthys molitrix) is among the most important economical
species which is widely sold and used as fresh, however, its traditional salted and smoked products have
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popularized in Iran (Akhondzadeh Basti et al. 2006; Razavilar et al. 2013; Shi et al. 2017). Silver carp is
polycultured with other carp species in aquaculture ponds in which animal manure is used as fertilizers, so serious
concerns are raised about the presence of pathogenic bacteria such as Escherichia coli in the final salted products
(Khezri et al. 2020). Greenlees et al. (1998) identified E. coli as inhabitants in pond water and isolated these
bacteria in fish from those ponds (Greenlees et al. 1998). In this regard, several studies reported the presence of
E. coli in fresh fish, however, no E. coli was detected after salting process (Akhondzadeh Basti et al. 2006;
Tavakoli et al. 2012; Razavilar et al. 2013). This raise again the concern about the entering of E. coli into the
viable but non-culturable (VBNC) state under high salinity stress (Oliver 2010; Khezri et al. 2020). VBNC is a
physiological state in which many non-sporulating bacteria under various stress conditions lose their culturability
on routine culture media, but remain viable with some metabolic activity for long periods of time (Castro-Rosas
et al. 2017; Zolfaghari et al. 2020). VBNC bacteria maintain their pathogenic potential and continue to express
infectious gene in the VBNC state or after resuscitation in favorable condition (Makino et al. 2000; Li et al. 2014;
Castro-Rosas et al. 2017; Zhao et al. 2017). In this regard, several foodborne disease outbreaks have been
associated with contamination of fish or fish products with VBNC state of E. coli O157:H7. For instance, an
outbreak occurred due to the consumption of salted salmon roe contamination with E. coli O157 in the VBNC
state (Makino et al. 2000). In this regard Salmonella and Shigella contaminations were also reported in fish and
fishery products including salted fish (Yam et al. 2015) and E. coli has been reported to be responsible for the
production of histamine in the dried fishes (Logesh et al. 2012). So, critical cautions have to be taken about the
safety of salted and smoked fish product that mostly consumed undercooked. VBNC bacteria are unable to be
detected by routine culture and colony counting methods. Since one of the differences between VBNC cells and
dead cells is maintaining genetic information and gene expression in these cells (Oliver 2010), and also regarding
the short stability of RNA compared with DNA, the Reverse Transcription-PCR (RT-PCR) of bacterial
housekeeping genes can be used as accurate known indicator for determining the viability of bacteria (Li et al.
2014; Zolfaghari et al. 2020; Khezri et al. 2020).

Despite the available information supporting the VBNC state of bacteria as a survival and resistant mechanism
against the unfavorable condition, the change in their resistance against inactivation treatments continue to be
debatable. Mukherjee et al. (2008) reported that citric or acetic acid treatments caused the decrease of heat
resistance of E. coli O157:H7 in beef products (Mukherjee et al. 2008). On the other side, it has been reported
that if heating process is too slow, heat resistance of E. coli O157:H7 at 55, and 60 °C in culture broth and ground
beef was increased by 2- and 1.5-fold, respectively (Murano & Pierson 1992; Juneja et al. 1998). Few
investigations are conducted on the thermal inactivation of pathogenic bacterial including E. coli O157:H7,
however, as we know there is no study investigating the heat inactivation of VBNC E. coli O157:H7 in salted
fish. The aim of this investigation was to determine if entering of E. coli O157:H7 into the VBNC stat increase
heat resistance in VBNC cells.

MATERIALS AND METHODS

Preparation of bacterial culture

The present study was carried out in seafood processing laboratory and medical bacteriology laboratory in Tarbiat
Modarres University, lran during 2016-18. Escherichia coli O157:H7 which was isolated and confirmed
(Eschericia coli O157:H7, Isolate Number: 295) by the Microbiology Department, Veterinary Faculty, Tehran
University, Iran was used in this study. E. coli O157:H7 was grown in BHI broth for 24 h at 37 °C at 120 rpm.
This overnight bacterial culture was further grown in BHI broth. To obtain the bacterial growth curve, bacterial
growth was monitored using a spectrophotometer at OD600 nm. Bacterial cultures were also grown on BHI agar
and after incubating for 24 h at 37 °C the bacterial counting was performed on plates containing 30-300 colonies
and the results were reported as CFU mL™%. The bacteria in the early phase of bacterial growth were centrifuged
(5000g for 15 min) and the harvested cells were washed twice with physiological serum (0.85% NaCl). The
washed inoculum was resuspended in physiological serum and used for inoculation into the studied treatments
(Sue et al. 2003; Khezri et al. 2019).

Inducing VBNC state of E. coli O157:H7

E. coli O157:H7 at early log phase were inoculated on silver carp fillet (control group = Te) and silver carp fillet
to which 30% NaCl was added (treatment F+30% NaCl = Tr+30% nac)) at room temperature. Silver carp were
bought from the local market and were transferred to the laboratory on ice. Then the fish were filleted, divided



Khezri et al. 631

into pieces of about 10 g and were placed in sterile petri plates. Then, 1 mLof the prepared bacterial suspension
to reach the final concentration of 5x10” CFU g was inoculated to each piece of meat. Contaminated meat in
sterile petri plates was placed for 1 h at room temperature under the sterile hood in order to provide enough time
for bacteria to stabilize on the fillet. Control group and T r+30% nac1 Were prepared and the prepared samples were
kept at room temperature, followed by sampling at days 0, 1, 2, 3, 4, 5, 7, 9 and 11. In order to investigate the
bacterial cultivability in studied treatment, serial dilution was prepared and bacterial samples were cultured on
Sorbitol MacConkey agar. Bacterial counting was determined and reported as CFU mL™. In order to determine
the status of cultivated bacteria at the end of the experimental period, when the number of cultivable bacteria was
less than 0.1 CFU mL%, the bacteria were considered in VBNC state (Liu et al. 2008). In order to investigate the
presence of viable bacteria in different treatments, 16S rRNA RT-PCR was used, including extraction of RNA,
DNase | treatment for removing DNA contamination, followed by cDNA synthesis and electrophoresis of PCR
products of prepared cDNAs (Tan et al. 2012).

RT-PCR of 16S rRNA

The homogenized samples were centrifuged at 7000 rpm for 5 min. The pellets containing the bacteria were used
for cells lyses and RNA extraction. So, the RiboEx Total RNA kit (GeneAll, South Korea) was used according to
the protocols of the manufacturer Company. DNase | Kit (Sinaclon, Iran) was used to remove the DNA pollution.
The resulting RNA was used for cDNA synthesis using Viva 2-step RT-PCR kit (Vivantis, Malaysia). Then PCR
was performed. In order to perform PCR, the Prime Taq Premix (2X) (Qiagen Tebe Sadra, Iran) was used. Briefly,
10 pL Prime Taq Premix, 3 uL DNA template and 1 pL. mixed forward and reverse primers (each 5 picomolar)
were mixed and the final volume was reached to 20 pL using sterile deionized water. The mixture was partially
centrifuged for 10 seconds to remove the droplets on the wall of micro-tubes. Then the micro-tubes were placed
in PCR machine. PCR cycling conditions included: 1) primary denaturation: 94 °C for 5 min; 2) replication of
DNA for 35 cycles including A) secondary denaturation for 30 seconds at 94 °C, B) annealing of primers for 30
seconds at 60°C and C) extension for 30 seconds at 72 °C; 3) final elongation at 72°C for 5 min. The
electrophoresis of PCR products was performed using agarose gel (2%) and the gel was photographed using a Gel
Doc. The sequences of primers of 16S rRNA gene used in this study were as forward primer:
CATTACGTTACCCGCAAA and reverse primer: CCTTTACGCCCAGTAATTCC with a final PCR product
size of 98 bp.

Evaluation of the changes in thermal inactivation

Both cultivable and VBNC forms of E. coli O157:H7 obtained respectively in the Tr and Tr+30% naci treatments at
the end of study period were heat-treated at 55, 62 and 70 °C for 5 min by immersing the 50 mL-falcon tubes
containing above treatments in a circulating water bath. Immediately after heat treatment, the samples were cooled
in ice bath for 10 min to stop further effects of heat, followed by keeping for 24 h at room temperature. Then
samples were used for RT-PCR of 16S rRNA gene to determine the viability of bacteria in the studied treatments.
Moreover, the freshly-grown E. coli O157:H7 in BHI broth was used at the same temperature conditions to
compare the response of the bacteria to the heat inactivation in different treatments. In addition, in the case of heat
inactivation of freshly-grown E. coli O157:H7, it can be used as good control for the efficacy of RT-PCR to
differentiate viable bacteria from dead ones (Tan et al. 2012; Juneja et al. 2003; Juneja et al. 1998).

Statistical processing and data analysis

The experiments were conducted in a completely randomized design. All tests were carried out in triplicate. Mean
and standard deviation of data were determined and used to draw charts using excel software. The results of 16S
rRNA gene expression using RT-PCR were reported qualitatively and the picture of PCR electrophoresis was
presented on 2% agarose gel.

RESULTS

In this study, E. coli O157:H7 was inoculated on silver carp fillet (T¢) and silver carp to which 30% NaCl was
added (Tr+30% Nact) at room temperature and its culturability was measured using routine culture and colony
counting method. The results showed that the culturability of inoculated bacteria in Tr was maintained throughout
the study period (11 days), but their culturability was lost on day 5 under salinity of 30% (Te+30% nact; Fig. 1).
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Fig . 1. The changes in culturability of E. coli O157:H7 in fish fillet (Tr) and fish fillet under 30% NaCl (Tr+30%Naci) at room
temperature.

In the case of no culturability, RT-PCR of 16S rRNA was used to detect the presence of viable E. coli O157:H7.
As shown in Fig. 2, the extracted RNA treated with DNase | was negative for the expression of 16S rRNA,
indicating that all DNA contaminations and subsequent false positive results were eliminated.

Fig. 2. DNase | treatment for removing DNA contamination in extracted RNA for RT-PCR of 16S rRNA in culturable and
non-culturable E. coli O157:H7; A: positive control, B: negative control, C: DNA ladder, D: DNAse | treated of extracted
RNA from culturable bacteria, E: DNAse | treated of extracted RNA from non-culturable bacteria.

As shown in Fig. 3 and Table 1, the expression of 16S rRNA gene was persisted in both studied treatments
throughout the study period (even in Tr+30%nact UP to day 11), which indicated the viability and entering the
bacteria into the VBNC state in Tr+sownac (Fig. 3; Table 1).

In this study, freshly-grown in BHI broth, cultivable and VBNC E. coli O157:H7 showed positive expression of
16S rRNA gene at 55 °C for 5 min (Fig. 4), indicating the viability of bacteria under this thermal condition.
However, at 62 °C for 5 min only VBNC E. coli 0157:H7 exhibited positive expression of 16S rRNA gene (Fig.
5), indicating the increased thermal resistance in VBNC form of this pathogen compared with the cultivable forms.
At 70 °C for 5 min, all studied forms of E. coli O157:H7 were negative for the expression of 16S rRNA gene (Fig.
6) indicated that no bacteria remained viable under this thermal inactivation treatment.
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Table 1. The expression of 16S rRNA of E. coli O157:H7 using RT-PCR fish fillet (Tr) and fish fillet under 30% NaCl
(TF+30%Nact).

Treatment F F+30% NacCl
Time (day)

~N O~ WNE O
+ o+ o+ o+t
+ o+ o+ o+ + o+

9
11 + 4+
+ indicating the positive expression of 16S rRNA gene; - indicating the negative expression of 16S rRNA gene

Fig. 3. RT-PCR of 16S rRNA in culturable and non-culturable E. coli 0157:H7; A: DNA ladder, B: negative control, C:
positive control, D: culturable bacteria (Tr on day 11), E: non-culturable bacteria (Te+300Naci on day 11).

Fig. 4. Thermal resistance of different states of E. coli 0157:H7 at 55 °C for 5 min using RT-PCR of 16S rRNA
A: DNA ladder, B: negative control, C: freshly grown in BHI broth, D: culturable, E: VBNC E. coli 0157:H7
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Fig. 5. Thermal resistance of different states of E. coli O157:H7 at 62 °C for 5 min using RT-PCR of 16S rRNA
A: DNA ladder, B: negative control, C: freshly grown in BHI broth, D: culturable, E: VBNC E. coli 0157:H7.

Fig. 6. Thermal resistance of different states of E. coli O157:H7 at 70 °C for 5 min using RT-PCR of 16S rRNA; A: DNA
ladder, B: negative control, +: positive control, C: freshly-grown in BHI broth, D: culturable, E: VBNC E. coli 0157:H7

DISCUSSION

VBNC state as a survival mechanism of many bacteria has important implications in environmental monitoring,
food technology, and infectious disease management. So, studying the VBNC state of pathogenic bacteria and
their resistance to inactivation treatments and their association with the water/foodborne outbreaks is of great
necessity (Ramamurthy et al. 2014). Regarding the documented reports on the pathogenic contamination of raw
seafood and also the undercooked consuming of salted fish, proper handling and cooking of seafood is increasingly
emphasized. In this study, the change in heat inactivation of Escherichia coli O157:H7 after entering into the
VBNC state in salted silver carp was investigated. The result of present study showed that E. coli O157:H7 under
salinity stress of 30% in silver carp lost its culturability after 5 day and its positive expression of 16S rRNA gene
using RT-PCR indicated the viability of these bacteria and their entering into the VBNC state. Our results on
entering of E. coli O157 into the VBNC state under high salinity stress are in line with the results of other studies.
Makino et al. (2000) also reported the entering of E. coli O157 into the VBNC state under salinity stress in NaCl
water (Makino et al. 2000). The successful detection of VBNC form of E. coli 0157:H7 using RT-PCR in this
study is in line with the result of previous studies (Coutard et al. 2005; Liu et al. 2008; Casasola-Rodriguez et al.
2018; Khezri et al. 2020). This is of great interest as conventional food and water testing methods such as routine
culture and colony counting method are unable to detect VBNC state of bacteria. Moreover, one of the differences
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between VBNC cells and dead cells is maintaining genetic information and gene expression in these cells (Oliver
2010). However, detection method based on routine PCR are also unable to differentiate viable cells from dead
ones. The short stability of RNA in comparison with DNA provide great opportunity for using the Reverse
Transcription-PCR (RT-PCR) of bacterial housekeeping genes for determining the viability of bacteria. RT-PCR
technology is based on the very short half-life of RNA and the principle that RNA exist only in viable cells (Li et
al. 2014; Khezri et al. 2020). Also, as shown in Fig. 6, heat-killed bacteria (70 °C for 5 min) were negative for
16S rRNA by RT-PCR after 24 h of heat inactivation. This results again displayed the usefulness of RT-PCR of
16S rRNA for detection of VBNC form of E. coli O157:H7. However the accurate stability time of 16s rRNA or
other selected genes for using in RT-PCR should be determined to remove the possible false positive results. In
this study, it was observed that VBNC state of E. coli O157:H7 induced by salinity stress of 30% was more
resistant against the thermal inactivation compared to the cultivable forms. In line with our results, Li et al. (2016)
also reported that salt adopted E. coli had higher thermal resistance compared to the non-stressed strains (Li &
Ganzle 2016). Also, Osaili et al. (2006) reported that addition of salts decreases water activity and increases the
thermal resistance of bacteria in chicken-fried and beef patties (Osaili et al. 2006). In addition, it was reported that
sodium chloride treatment increased thermal resistance of L. monocytogenes in ground pork (Line et al. 1991) and
beef gravy (Juneja & Eblen 1999). Furthermore, it is reported that salts including calcium lactate and potassium
lactate can enhance membrane stabilization of bacteria and elevate their thermal resistance (Mukherjee et al.
2008).These results are in harmony with our result on the upraising thermal activity of E. coli O157:H7 under
salinity stress.

The effect of NaCl on increased thermal resistance of bacteria may be due to the binding ability of salt to water
in the heating menstruum resulting in poor heat penetration to reach the bacteria (Kotrola & Conner 1997; Juneja
2003; Osaili et al. 2006). Moreover, the improvement in the ability of VBNC cells of E. coli to resist external
mechanical damage in comparison with the cultivable ones may be related to the lower metabolic activity and
stronger cell wall strengthened resulting from the increased peptidoglycan cross-linking in VBNC state
(Signoretto et al. 2002; Zhao et al. 2017). In this regard, Signoretto et al. (2002) also found three times increase
in peptidoglycan DAP-DAP cross-linking in VBNC cells of E. coli (Signoretto et al. 2002). In line with our
results, Ramamurthy et al. (2014) found that the VBNC cells of Vibrio vulnificus was more resistant to oxidative
stress in the presence of H,O; and to 1-chloro-2,4-dinitrobenzene compared to the normal viable cells which may
be due to the highly expressed glutathione S-transferase in the VBNC state (Ramamurthy et al. 2014).

The difference in bacterial species and its growth conditions such as the growth phase of the cells, composition,
pH of the growth medium, heat shock, the difference in environmental or food matrix as well as storage conditions
such as pH, storage temperature can affect the thermal resistance of different bacteria (Stringer et al. 2000). It is
reported that heat resistance was greater when cells were in the stationary (compared to logarithmic) growth phase,
grown at 37 or 40°C (compared to 10 or 26°C) and in food with lower fat content. Moreover, treatments with
citric and acetic acid resulted in higher reduction of E. coli O157:H7 internalized in non-intact beef products and
improved its thermal inactivation which indicated the cell injury suffered due to exposure to the organic acids
(Mukherjee et al. 2008). However, there is no study suggesting E. coli 0157:H7 as unusually heat-resistant bacteria
as compared to other non-spore forming foodborne pathogens (Stringer et al. 2000). So the inactivation of all
form of studied E. coli 0157:H7 at 70 °C for 5 min in our study is acceptable. Heat induces changes in the
properties of membrane, cytoplasm, ribosome and DNA, particularly on protein misfolding and aggregations (Li
& Génzle 2016). However, resistant systems of E. coli act against these alterations, mainly through gene
regulations of heat response, heat shock proteins, refolding of misfolded proteins as well as expression of key
proteins of membrane and stabilization of membrane fluidity (Li & Génzle 2016).

CONCLUSION

Our results demonstrated that food-borne E. coli O157:H7 was capable of entering into the VBNC state under
high salinity stress during salted fish processing. Moreover, VBNC bacteria were more resistant to the thermal
inactivation compared to cultivable forms of these bacteria. However, in nature, bacteria exist in multi-strain
combinations, and it is reported that different strains of E. coli 0157 had different heat resistances at a specific
temperature. Also, stress condition and food matrix can have an important role on the behavior of bacteria to
response the stresses. So, further studies are needed to determine the possible effects of various stress condition
and food matrix properties on thermal inactivation of E. coli 0157:H7 in the VBNC state. The increased resistance
of VBNC E. coli 0157:H7 to the thermal inactivation highlights the importance of monitoring and development
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of detection and inactivation methods of VBNC food-borne pathogens. In the present study, the thermal response
of VBNC E. coli was investigated under laboratory condition in the 10 g slice of silver carp. However, more
cautions must be taken about the whole fish or big fillet.
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