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ABSTRACT 

FORMATION, TOLERANCE AND REVIVAL OF THE PERSISTER 

STATE WITHIN SHIGA-TOXIN PRODUCING ESCHERICHIA COLI 

O157: H7 

Xueyang Wu                                                                                           Advisor:  

University of Guelph, 2020                                          Dr. Keith Warriner 

           

The persister state is an induced dormancy and has previously been shown to 

provide cells with temporal antibiotic resistance. In the current study, it was found that 

the persister state was encountered in toxigenic shiga-toxin Escherichia coli O157:H7 

and non-O157. Persister cells exhibited significantly greater tolerance to chlorine, 

ozone, peroxyacetic acid, and quaternary ammonium compounds, in addition to thermal 

stress. The revival of persister cells from dormancy depended on the duration of the 

incubation time post-antibiotic addition. Specifically, revival of persister cells 24 h 

post-ampicillin addition occurred upon enzymic degradation of the antibiotic. 

Interestingly, residual ampicillin below the Minimum Inhibitory Concentration (MIC) 

could maintain the persister state. Persisters incubated for extended periods (8 days) 

following ampicillin addition eventually became non-culturable and could be revived 

by removing ampicillin. From the results it can be concluded that the persister state is 

significant to food safety although to what extent remains to be elucidated.  
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1. Literature Review 

1.1 Introduction 

Pathogenic Escherichia coli plays an indispensable role in food-borne bacterial 

infections. STEC is a common reason for diarrhea. In the 21 countries with data, about 

2,801,000 cases of illness per year due to STEC (Majowicz, et al., 2014). Fresh produce 

can be contaminated by STEC during growth, harvest, processing, even storage, and 

since people normally intake fresh products directly without additional processing, 

once fresh produces is contaminated, it is more likely to cause foodborne outbreaks. 

From 2009 to 2017 in the United States, there were 52 foodborne disease outbreaks 

related to E. coli in fresh products that accounting for 19.4% of total outbreaks (CDC, 

2018). 

Studies have shown that the ability of E. coli to persist in fresh vegetables for 

more than seven months reflects the presence of persisters (Carey, Kostrzynska, & 

Thompson, 2009). Persisters are cells that have multidrug-tolerance and survive in 

antibiotics by entering a dormant state (Lewis, 2010). Also, persisters are identified as 

the cause of many bacterial infections that recur after antibiotic treatment (Lewis, 2010). 

Toxin-antitoxin (TA) system is commonly identified as the direct acting factor for 

persisters formation. Many studies proved that the deletion of the TA gene results in 

the decrease of the persistence cells (Page & Peti, 2016; Kim & Wood, 2010; Dörr, 

Vulić, & Lewis, 2010). Generally, persisters are divided into type I and type II persisters. 

Type I persisters are generated at stationary phase and type II persisters are generated 

at the exponential phase (Levin-Reisman & Balaban, 2016). 

When persisters breaking the dormant state, the pathogenicity of the cells is 



recovered leading to the infection recurrence (Jõers, Kaldalu, & Tenson, 2010).  

1.2. Escherichia coli 

In 1885, German bacteriologist Theodor Escherich first isolate Escherichia coli 

from children’s feces. E. coli is a type of mesophilic organisms belonging to the family 

Enterobacteriaceae, which is mainly parasitic in the intestines of humans and warm-

blooded animals. E. coli enters the environment through feces, causing water and soil 

pollution, which in turn contaminates milk, meat, fruits, and vegetable products, 

causing outbreaks (Bhunia, 2008). In the biochemical aspect, E. coli is catalase-positive, 

oxidase-negative, fermentative, short, Gram-negative, non-sporulating rod.  

Before 1982, pathogenic E. coli were subdivided into enteropathogenic E. coli 

(EPEC), enteroinvasive E. coli (EIEC), and enterotoxigenic E. coli (ETEC); in 1982, 

enterohaemorrhagic E. coli (EHEC) is recognized as the cause of hemorrhagic colitis 

and hemolytic-uraemic syndrome; further, enteroaggregative E. coli (EAEC) and 

diffusely-adherent E. coli (DAEC) are identified as the cause of diarrhea in children (M. 

R. Adams, 2008). 
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Figure 1 Mode-of-infection that the intestinal epithelial cells (blue-grey cells) 

infected different Pathogenic Escherichia coli (orange ovals). (Ray Bibek, 2013) 

(1) ETEC attaches to intestinal epithelial cells and produces heat-labile (LT) 

and/or heat-stable (ST) toxins that result in increased cell membrane permeability, 

causing electrolyte imbalance, which leads to watery diarrhea (Ray Bibek, 2013). 

ETEC is associated with contaminated water, therefore, in developed contraries, it 

barely causes an outbreak. While in less-developed contraries, ETEC generally leads to 

travelers and infant’s diarrhoea (Levine, 1987). (2) EPEC is necessary to focus on due 

to the infectious and prevalence in young children worldwide, and EPEC is also one of 

the pathogens leading to persistent diarrhoea (Ochoa & Contreras, 2011). EPEC 

attaches to epithelial cells via bundle-forming pili (bfp) and attachment-effacement 

(A/E) factor, resulting in A/E lesions that destroys the absorptive villi, leading to 

malabsorption and diarrhea (Figure 1) (Ray Bibek, 2013). (3) EHEC strains produce 

Shiga-toxin (Stx), which plays a significant role in causing hemolytic uremic syndrome 

(HUS); it is commonly known as Verocytoxin-producing E. coli (VTEC) or Shiga-toxin 

producing E. coli (STEC). (4) EIEC has an analogous pathogenic and metabolic 

feature with Shigell. It can invade and spread within epithelial cells and is a cause of 

dysentery (Figure 1) (Levine, 1987). (5) DAEC, which causes diarrhea to be age-

related, with increased morbidity between 1 and 5 years of age, causes infantile diarrhea 

and children watery diarrhea (Bhunia, 2008). (6) EAEC leads to more than 14 days of 

diarrhea in children and adults, especially in developing countries. Commonly, EAEC 

produces enteroaggregative heat-stable toxin and hemolysin and causes mucosal 

damage by forming stacked brick-like aggregates (Ray Bibek, 2013). 



1.2.1 Shiga-toxin Producing E. coli (STEC) 

STEC are associated with foodborne outbreaks worldwide. Based on the 

outbreak and related diseases, STEC is divided into five pathogenic serotypes (A-E) 

(Table 1).  

Seropathotypes Representative 

serotypes 

Frequency 

of infection 

Involvement in 

outbreaks 

HUS 

and HC 

A O157: H7, 

O157: NM 

High Common + 

B O26:H11, O103:H2, 

O111: NM, O121: 

H19, etc. 

Moderate Uncommon + 

C O5: NM, O91:H21, 

O104:H21, O113: 

H21, etc. 

Low Rare + 

D O7: H4, O69:H11, 

O103: H25, O113: 

H4, etc. 

Low Rare ‒ 

E O6:H34, O8:H11, 

O39:H49, O46:H38, 

O76:H7, etc. 

Not 

implicated 

Not implicated ‒ 

 

Table 1 Seropathotypes of STEC (Bhunia, 2008) 

More than 400 types of SETC has been found both in human and animals, STEC 

O157 (seropathotype A) is most frequently related to outbreaks. Human infection with 

STEC is mainly through contaminated meat, milk, water, fruits and vegetable; animal-

to-person contact; and human-human infections primarily in direct contact, or through 

contact with contaminated water (Bhunia, 2008). Study shows, STEC is particularly 

frequently isolated from the feces of some ruminant species (cattle, sheep, goats), and 

in the feces of some nonruminants (chicken, pigs, dogs, cats), and less frequently found 

(Beutin, Geier, Steinruck, Zimmermann, & Scheutz, 1993).  

STEC is frequently linked to outbreaks lead to abdominal cramps, bloody 
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diarrhea, and even HUS, due to the production of stx (Nguyen & Sperandio, 2012). The 

Shiga-like toxin Stx1 and Stx 2 which produced by STEC have a similar biologic, 

genetic, and structural characteristic with the toxin that secreted by Shigella dysenteriae 

type1, Stx2 is the major virulence factor (Strockbine, Bopp, Fields, Kaper, & Nataro, 

2015). Subunits A and B are major components of Shiga toxin Stx family. Where the 

B-subunit is mediated to express pathogenicity is determined by the specificity of 

binding with globotriaosylceramide-3 (Gb3), and the kidney is susceptible to infection 

by STEC, probably due to the high content of Gb3 in eukaryotic cells of the glomerulus. 

The A subunit has RNA N-glycosidase targeting 28S rRNA, which can inhibit the 

protein synthesis process of host cells and induce apoptosis (Nguyen & Sperandio, 2012; 

M. R. Adams, 2008).  

 

Figure 2 Mechanism of action of Shiga Toxin.  (1) Subunit B of Stx binds with 

Gb3 that on the surface of the eukaryotic cell. (2) Stx is internalized by membrane. 

(3)  Stx through retrograde transport to the trans-Golgi network (TGN). (4) Stx 

continues to retrograde to the endoplasmic reticulum (ER), in which RNA N-

glycosidase of subunit A inactive the ribosome and inhibit the protein synthesis 

resulting in cell death (Pacheco & Sperandio, 2012). 



1.3 Foodborne Outbreak of Escherichia coli Linked to Fresh Products 

In Canada, 14.8% of outbreaks associated with food products are due to E. coli 

from 2008 to 2014 (Bélanger, Tanguay, Hamel, & Phypers, 2015).  From 1998 to 2017, 

there are 605 outbreaks occurred in the United States, according to the CDC, 6,019 

customers infected with STEC, and 30 death were reported (CDC, 2019).  

 

Figure 3 Annual outbreaks associated with different infectious modes from 

2009 to 2017 in the United States (CDC, National Outbreak Reporting System (NORS) 

Dashboard | CDC, 2018).   

As the graph shows, outbreaks linked with food is obviously higher than others.   

Due to the direct ingestion of varies fresh produces like lettuce, the safety of 

fresh products is closely related to public health. According to CDC statistics, from 

2009 to 2017, there were 52 foodborne disease outbreaks related to E. coli in fresh 

products that accounting for 19.4% of all, which result in 1095 illnesses, 293 

hospitalizations, and 4 deaths in the United States (CDC, 2018). 
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Year Products Serotypes Reported Cases 

2010 Romaine Lettuce 

 

E. coli O145  

 

26 

2011 Romaine Lettuce  E. coli O157:H7  58 

2012 Spinach 

 

E. coli O157: H7  33 

2012 Clover Sprouts E. coli O26 29 

2013 ready-to-eat salads E. coli O157: H7  33 

2014 Clover Sprouts E. coli O121 19 

2016 Alfalfa Sprouts E. coli O157: H7  11 

2017 Leafy Greens E. coli O157: H7  25 

2018 Romaine Lettuce E. coli O157: H7 210 

2018 Romaine Lettuce E. coli O157: H7 62 

Table 2 List of keys outbreaks of STEC linked to fresh produce from 2010 to 

2018 in the United States that occurred in multistate and reported by Centers for Disease 

Control (CDC) (CDC, 2019). 

CDC reported that since 2009 till now, 13 foodborne outbreaks of E. coli O157: 

H7 linked with lettuce are investigated in the U. S. Lettuce is a common product that 

frequently associated with E. coli outbreaks in Canada and the United State. In mid-

November 2018, nearly 100 cases of E. coli infection were reported from three 

provinces in Canada and 16 states in the U.S. (CDC, 2019; Canada, 2019).  

1.3.1 Contamination of Escherichia coli in the Production Chain 

The contamination caused by E. coli could occur at every process of fresh 

produce production, which are growth, harvesting, post-harvest processing, 

transportation and storage (Delaquis, Bach, & Dinu, 2007). Transmission of E. coli 



from livestock intestine to food crops through different pathways, including manure 

application, irrigation with contaminated water, airborne transmission, and transmit 

through biological carriers such as wildlife and insects (Franz & Bruggen, 2008). Also, 

a variety of studies illustrate that E. coli O157: H7 is able to transfer from contaminate 

soil or media to plants and grow in plants' environments (Delaquis, Bach, & Dinu, 2007). 

E. coli transmits from soil and water to the edible portion of lettuce through roots 

system, it is proved that the edible portion of lettuce is still contaminated with E. coli 

without direct contact with contaminated irrigation water and soil; (Solomon, Yaron, & 

Matthews, 2002).  

The post-harvest processing and sanitation are only reduced, but not eliminate 

the bacteria cells from fresh products (Franz & Bruggen, 2008), which means 

pathogenic bacteria will remain on the lettuce, further infecting consumers and causing 

disease. Generally, 200 ppm free chlorine, which is the lethal dose to reduce STEC 

O157: H7 on the surface of lettuce tissue, while E. coli cells intrude into the cut lettuce 

tissue is protected from killed by free chlorine (Solomon, Yaron, & Matthews, 2002) 

Once E. coli O157: H7 enter into production line, processing water, and equipment 

have a higher probability of being contaminated (Perez-Rodriguez, et al., 2011), and 

cross-contamination during processing is considered as the main source of transmission 

of pathogens to products.  

1.3.2 Modes of Action of sanitizers  

1. Oxidative sanitizers: the oxidative sanitizers like chlorine, peracetic acid acts, 

and ozone have strong oxidizing properties in aqueous solution, oxidizing peptide 

bonds to denature proteins such as enzymes in bacterial cells. The inactivation of the 

enzyme results in disruption of normal metabolism (Maris, 1995). 
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2. Quaternary ammonium compounds (QACs): QACs bind to the phospholipid 

and proteins of the cell membrane, altering the permeability of the cell membrane, 

resulting in the release of cytoplasmic efflux and cell inactivation (Maris, 1995).  

1.4 Antimicrobial resistance  

Antibiotic resistance (AMR) is the ability of microorganisms to resist the effects 

of antibiotics. As a result, standard antimicrobial treatment fails, microbial infections 

persist and may still be transmitted to others. Antibiotic resistance threatens global 

health, food security, and development, which leads to a higher medical cost, longer 

hospital stays and higher mortality rates (WHO, 2018). 

1.4.1 Modes of Action of Antibiotics 

Since 1928, the first antibiotic was discovered by Alexander Fleming and 

identified as “a chemical substance produced by microorganisms which have the 

capacity to inhibit the growth of bacteria and even inactive bacteria and other 

microorganisms in dilute solution” (Black, 1996). Antibiotics primarily act on 

microbial structure and function that are different from animals with both bactericidal 

and bacteriostatic effects, five different modes of action of antibiotics are divided. 



 

Figure 4 The five major modes of action by which drugs exert their 

antimicrobial effects on bacterial cells (Black, 1996). 

1. Inhibition of cell wall synthesis 

 

Figure 5: Mechanism of action of beta-lactam antibiotics. Top: The cell wall is 

formed by N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) subunits, 

and a short peptide chain is attached to each NAM subunits. The transpeptidase enzyme 

(Penicillin Binding Proteins: PBPs) catalyzes cross-linking between short peptide 
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chains. Bottom: Penicillin antibiotics bind to PBP to prevent cross-linking, which in 

turn prevents cell wall synthesis. Lack of cell wall protection causes bacterial cells to 

be lysed in high osmotic fluids (Clarks, 2019).    

Unlike animal cells, bacterial cells, especially gram-positive bacteria have cell 

walls that protect bacterial cells from rupture in body fluids with higher osmotic 

pressure (Black, 1996). The β-lactam of antibiotics like penicillin inhibits cell wall 

synthesis by interfering with the cross-linking of tetrapeptides (Figure 5). 

2. Disruption of cell membrane function 

Polypeptide antibiotics like polymyxin disrupt cell membrane by binding with 

phospholipids that lead to the leakage of cytoplasm and cell substances. This kind of 

antibiotics are more effective on gram-negative bacteria; however, these antibiotics are 

less selective for bacteria and animal cells. (Black, 1996)  

3. Inhibition of protein synthesis 

Bacterial ribosomes are the target of aminoglycoside antibiotics, such as 

streptomycin that act on the 30S portion, disrupt the process of correctly translating 

mRNA into a polypeptide chain. Chloramphenicol and erythromycin are act on 50S 

portion, inhibit the formation of the growing polypeptide (Black, 1996).  

4. Inhibition of nucleic acid synthesis 

Antibiotics act on binding with the enzymes that inhibit bacterial DNA or RNA 

synthesis, such as the rifamycin family of antibiotics acting on bacterial RNA 

polymerase to inhibit RNA synthesis (Black, 1996). 

5. Action as antimetabolites  

Some of the compounds required in the metabolic process are called metabolites, 

and antimetabolites affect the metabolism of bacteria by inhibiting the action of 

enzymes or by in place of metabolites to synthesis some molecules (Black, 1996). 



1.4.2 Mechanisms of Resistance  

Bacterial antibiotic resistance is mainly caused by chromosomal DNA mutation 

(chromosomal resistance) and the appearance of R plasmids (extrachromosomal 

resistance), which are divided into five different mechanisms (Black, 1996). 

1. The alternation of DNA alters protein synthesis and leads to the inability of 

antibiotics like erythromycin, rifamycin, and antimetabolites to bind to targets. 

2. The alternation of membrane permeability changes the protein of the membrane. 

Due to the change of protein, membrane transport system is different, and antibiotics 

cannot pass through the pores of the cell membrane. Bacteria are resistant to antibiotics 

like tetracyclines, quinolones, and some aminoglycosides. 

3. Produce of enzyme that can degrade antibiotics. For example, a variety of 

bacteria (Gram-negative bacteria) can produce an enzyme called β-lactamase, which 

can destroy the β-lactam ring in penicillin and cause inactivation (Figure 6).  

 

Figure 6 The effect of β-lactamase on penicillin (Black, 1996). 

4. The alternation of enzyme inhibits the reaction of antibiotics. An enzyme 

produced by sulfonamide-resistant bacteria, which has a high affinity for para-

aminobenzoic acid (PABA) and very low affinity for sulfonamides, can make bacteria 

not affected by sulfonamides, use PABA to produce folic acid. 
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5. The alternation of a metabolic pathway that prevent bacterial metabolism from 

passing through reactions that are inhibited by antibiotics. 

1.5 Persistence of Shiga-toxin Producing Escherichia coli 

1.5.1 Persister state 

Persisters are cells that multidrug-tolerance and survive in antibiotics by 

entering a dormant state (Lewis, Persister Cells, 2010). Also, persisters are the cause of 

many bacterial infections that recur after antibiotic treatment. It was first found in 

penicillin-treated Staphylococcus culture by Joseph Bigger in 1944 (Bigger, 1944). 

Persisters are not mutants but randomly occurring. After transferring the E. coli 

persisters to fresh medium, culturing, and treating with ampicillin again, still, a small 

subpopulation of the E. coli are persisters. 

1.5.1.1 Resistance, Tolerance, and Persistence 

Generally speaking, Resistance is the ability of microorganisms that inherit and 

survive and multiply in a high concentration of antibiotics, resistance usually qualified 

by an increase of minimum inhibitory concentration (MIC) (Figure 7). Tolerance is the 

ability that microorganisms can have prolonged the survival in high concentrations of 

antibiotics, but do not alter the MIC, and may or may not mutant (Brauner, Fridman, 

Gefen, & Balaban, 2016). Persistence is the ability that a small subpopulation of 

microorganisms enters into growth arrest state and survive in a high concentration of 

antibiotics (Lewis, Persister Cells, 2010). 



 

Figure 7 Characteristic drug responses of resistance, tolerance, and persistence. 

a. The minimum inhibitory concentration (MIC) of one resistant bacterial strain is 

significantly higher than MIC of susceptible strain, colored wells represent bacteria 

growth, and in light brown wells, the amount of antibiotics is enough to kill the cells. 

b. susceptible strain and tolerant bacterial strain have the same MIC, while the 

minimum duration for killing (MDK) for 99% of tolerant strain is higher than 

susceptible strain. c. The MIC of persistent and susceptible strain are similar, and in the 

first 2 hours treat with antibiotics, persistent and susceptible strain show similar MDK 

for 99%. While MDK for 99.99% (MDK99.99) of persistent is higher than MDK99.99 of 

susceptible strain (Brauner, Fridman, Gefen, & Balaban, 2016).  

1.5.1.2 Persister vs. VBNC 

The viable but nonculturable (VBNC) state is identified as a subpopulation of 

bacteria that become nonculturable on the media that bacteria used to grow on due to 

some environmental stress, and VBNC cells are able to return to culturable stated by 
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some treatment such as heat or cold shock and transferring to rich media (Ayrapetyan, 

Williams, & Oliver, 2018). Same as persisters, VBNC formation is related to 

environment press, like starvation, pH, and antibiotics (Ayrapetyan, Williams, & Oliver, 

2018). Also, the VBNC state is demonstrated that have a capacity of antibiotics 

tolerance (Ayrapetyan, Williams, & Oliver, 2018).  

The similarity between persister and VBNC in terms of formation and 

metabolism indicates that the cells of these two states are a continuum of dormant 

state (Figure 8). In the study, it is necessary to distinguish between the two states of 

cells. One difference between VBNC and persistence subpopulation is their 

resuscitation dynamics (Ayrapetyan, Williams, & Oliver, 2018). Persisters survive in 

antibiotics treatment, while persisters have the capacity to revive to active cells in 

nutrient media when antibiotics are removed (Balaban, Merrin, Chait, & Leibler, 

2004). Resuscitation of VBNC requires a much longer lag period and even triggers 

like copper chelator and temperature upshift, most VBNC lost their ability to revive. 

 

Figure 8 The dormancy continuum hypothesis (Ayrapetyan, Williams, & Oliver, 

2018).  



When facing environmental stress or intracellular reason, metabolic activity, 

and growth decrease, cells enter into a dormant state. At early dormancy, persisters are 

produced and can grow on nutrient media when stress is removed. As the stress 

continues, persisters become VBNC cells, which keep in a deeper dormant state. In the 

VBNC state, the metabolic activity of cells is extremely low and growth arrest. Even if 

stress is removed, the VBNC cells still take a long time or some stimulation to 

resuscitate. During resuscitation, cells repair oxidative damage, regain metabolic 

competence, and normalize their toxin-antitoxin ratios. After resuscitation, cells can 

grow on nutrient media (Ayrapetyan, Williams, & Oliver, 2018). 

1.5.2 Methods to Isolate Persisters 

E. coli persisters exhibit different tolerance to different antibiotics (Wood, 

Knabel, & Kwan, 2013).  The toxin protein of TA systems that influence the formation 

of persisters is identified as leading to multidrug-tolerance (Keren, Shah, Spoering, & 

Kaldalu, 2004). Antibiotics inhibit the bacteria by bind the targets like phospholipids, 

enzymes, and ribosomes and corrupt their functions. The toxin protein protects 

persisters from antibiotics by blocking the target; when bacteria enter into persister state, 

metabolic activities (like cell wall synthesis) are significantly reduced, antibiotics 

cannot corrupt the function. Persisters avoid being killed by antibiotics through drug 

tolerance, but also lose their function of proliferation (Lewis, 2018).In research, 

multidrug-tolerance of persisters is used to isolate persisters, the concentration of 

antibiotics that higher than MIC is added into the culture at the exponential phase to 

help select persisters and left persisters in sedimentation (Keren, Shah, Spoering, & 

Kaldalu, 2004).  
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1.5.3 Genetic and Physiological Induction of Persisters 

1.5.3.1 Toxin-antitoxin (TA) system 

Toxin-antitoxin (TA) system is commonly identified as the reason for the 

formation of persister (Lewis, 2010). TA system ordinarily is composed of a stable 

toxin protein and a labile antitoxin, which determine the TA systems’ types (Wood, 

Knabel, & Kwan, 2013). More than 33 TA gene pairs in E. coli are discovered, and 

many results show that systematic deletion of a single TA system decreases the cell 

persistence (Page & Peti, 2016).  

Moreover, there are two type II TA pairs that are directly affecting the formation 

of persister cells. One is MqsR/MqsA TA system, the decrease of mqsRA leads to a 

decrease of persistence, and mqsR overexpression results in incremental persister cell 

formation through cleaving the most of transcripts and reducing translation in cells 

(Kim & Wood, 2010).  

Another system is TisB/IstR-1, TisB acts on decrease proton motive force and 

ATP levels, which induce cells into a dormant state (Dörr, Vulić, & Lewis, 2010). TisB 

is the only TA system that is induced by SOS response and related to the formation of 

persisters under SOS response and presents a significant increase in persistence when 

tisB is ectopic overexpression (Lewis, Persister Cells, 2010). 

1.5.3.2 Stringent response 

The stringent response is the procedure of E. coli cells reduces rRNA 

biosynthesis and ribosome production level when cells at amino acid starvation state 

(Magnusson, Farewell, & Nystrom, 2005). Alarmone (p)ppGpp that includes guanosine 

tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) is the signal of 

stringent response. The (p)ppGpp is produced by RelA and SpoT, which also degree 



the (p)ppGpp, and can adjust the physiological state of bacterial cells to cope with 

nutrient deficiency and environmental stress (like antibiotics) (Dalebroux & Swanson, 

2012).  

Study shows that formation of TA-mediated persistence requires (p)ppGpp, and 

deletion of RelA and SpoT directly related to the decrease of TA-mediated persistence. 

Relatively abundant of hipA stimulates an increase in basal level (p)ppGpp produce 

which leads to persister formation under ampicillin press (Korch, Henderson, & Hill, 

2003). Moreover, (p)ppGpp also contributes to the formation of persister in biofilm. 

The formation of biofilm results in several stresses may improve the formation of 

persisters, like oxidative stress and nutrient heterogeneity. The requirement of 

(p)ppGpp in the formation of persistence from carbon source transitions and leucine 

starvation in E. coli biofilms is confirmed (Amato & Brynildsen, 2014).  

1.5.3.3ATP-dependent Persister 

In E. coli culture, a decrease of ATP concentration will lead to the formation of 

persisters and the drop of ATP is one of the reasons that the persisters form in 

stationary-phase (Shan, et al., 2017). Fluoroquinolones kill E. coli cells by breaking the 

DNA double-strand, when depleting ATP with arsenate, the DNA double helix 

structure fragmentation caused by the antibiotic is also reduced, which means, the 

decrease of ATP results to decrease of antibiotic target activity and formation of 

persisters (Shan, et al., 2017). It is necessary to be mentioned is that the toxin protein 

tisB in TA system tisB/istR-1is able to drop the concentration of ATP, which leads to 

persistence and drug tolerance. 

1.5.4 Type I and Type II Persisters 

Typically, bacteria enter into persisters (type I) at starvation condition, after 
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transferring the persister to fresh medium, the persisters return to growth and turn into 

normal cells for a longer period of time (Levin-Reisman & Balaban, 2016). Switching 

of type II persisters can be spontaneous without external signal (Balaban, Merrin, Chait, 

& Leibler, 2004). The main difference between type I and Type II persisters is that type 

I persisters only generated at the stationary phase but not exist in the exponential phase 

(Figure 1-9), while type II persisters are generated both in stationary phase and 

exponential phase (Levin-Reisman & Balaban, 2016).  

 

 Figure 9 Kill curve of Type I and Type II persisters. 

 a. The killing curve of E. coli Type I persisters at the exponential phase (blue 

line) and stationary phase (red line). b. The killing curve of E. coli type II persisters at 

exponential phase (blue line) and stationary phase (red line) (Levin-Reisman & Balaban, 

2016).  

1.6 Relevance of persisters to the food industry 

Study shows that at the commonly used storage temperature, 4°C and 15°C, 

STEC can persist in lettuce more than 7 months, which means that STEC will exist on 

lettuce during cold chain transport and storage (Carey, Kostrzynska, & Thompson, 

2009). It is demonstrated that E. coli O157: H7 can prolong time survive in soil and 



water at low temperature. Study shows E. coli O157: H7 can persistence in river water, 

which commonly used as farm water, for up to 24 days (from -2°C to 15°C) (McGee, 

et al., 2002). At laboratory conditions, E. coli O157: H7 survive in lake and river water 

32 to 51 days at 6°C (Czajkowsk, et al., 2005). Moreover, E. coli O157: H7 is more 

persistent in grassy soil than in cattle feces, and the survival time of E. coli in soil with 

plant growth is longer than in the soil after the plant has been harvested. which means 

persistence of E. coli O157: H7 is largely associated with plant roots system (Islam, 

Doyle, Phatak, Millner, & Jiang, 2004).  

At same time, the ability of pathogenic bacteria to persistent on food surfaces 

and to form biofilms affects the safety of food processing (Houdt & Michiels, 2010). 

In biofilm, oxygen shows a continual decrease in biofilm due to failure of penetrating 

into biofilm, and oxygen restricting result in promoting persisters formation 

(Stewart & Franklin, 2008), which means the formation of biofilms can be a source 

of persisters in food products. 

1.7 Recovery of Persisters 

 

Figure 10 Model for bacterial growth resumption. Stationary-phase culture is 

diluted into fresh media, A&B is cells resume growth immediately in fresh media and 



21 

 

killed by antibiotic; C is the cells resume to cells that sensitive to antibiotic later; D 

represents that persisters are existed in stationary and exponential phase culture and are 

antibiotic tolerance, cells resume growth after transferring to fresh plates; E&F are non-

culturable cells that may wake up after transferring to fresh plates but not resume 

growth on plates (Jõers, Kaldalu, & Tenson, 2010).  

As mentioned persisters show tolerance to antibiotics, persisters can be 

eliminated by recovering to antibiotic-sensitive cells and then killed by antibiotics. So, 

the recovery of persisters is significantly associated with combatting persisters in food 

products. As figure 10 shows, the recovery of persisters can be induced by fresh media. 

Also, the study indicated that dormant stated of biofilm-related persisters can 

be broken by compounds like cis-2-decenoic acid, which awake persisters by 

inducing dispersion of biofilm to become a planktonic phenotype (Marques, 

Morozov, Planzos, & Zelaya, 2014). 

1.8 Research Hypothesis and Objectives 

The persister state can be induced in STEC providing tolerance to sanitizers and 

heat. The revival of persisters to growing cells is influenced by the culture conditions, 

duration of dormancy and presence of stimulating agents. The objectives are: 

1. To determine whether STEC can be induced persisters and whether 

proportion of persisters depend on serotypes. 

2. Compare with STEC O157: H7 non-persisters, whether persisters present a 

higher tolerance to sanitizers (free chlorine, ozone, peracetic acid, Benzethonium 

chloride) and thermal treatment. 

3. Assess whether the revival of STEC O157: H7 persisters depend on the 



addition of lettuce, vitamin C, and removing ampicillin. 

4. Discover whether STEC O157: H7 persisters can be transformed to non-

culturable state leads by prolong ampicillin treatment. 

2. Methodology 

2.1 Bacterial strain and growth conditions 

The Escherichia coli O157: H7 Ph1 which was a gfp labelled strain with a 

deactivated stx2 obtained from PHAC, Guelph. STEC non-O157 (O55: H7, O79: H7, 

O91: H14, O113: H21, O118: H16, and O174: H8) from the CDC, Atlanta in the US. 

Overnight Escherichia coli culture perpetration was that 100µL Escherichia 

coli culture which from -80°C freezer was added into 35mL tryptic soy broth (TSB, 

BBL™ Trypticase™ Soy Broth) and incubated at 37°C overnight to recover the 

bacteria. E. coli TSB culture was streaked onto MacConkey agar (Thermo Scientific™) 

plate and incubated at 37°C until colonies were formed to separate a single colony. One 

pink colony was streaked from MacConkey plates into 35mL M9 media (Sigma-

Aldrich™ M9 Minimal Salts 5X, 0.4% glucose, 2mM magnesium sulfate, 0.1M 

calcium chloride), aerobic incubated at 37°C overnight. Centrifuging (Thermo 

Scientific™ Sorvall™ ST 8 Small Benchtop Centrifuge) at 5000 rpm for 15 minutes, 

the supernatant was removed and added 20 mL of 8.5% saline. 

2.1.1 Minimum Inhibitory Concentration (MIC) of Ampicillin against E. coli O157 

Thermo Scientific™ MIC Evaluator™ ampicillin strips (AMP 256-0.015 

μg/mL) were used to test the MIC of ampicillin. 1mL of the E. coli O157 overnight 

culture was spread onto the tryptone soya agar (TSA: BD BBL™ Trypticase™ Soy 

Agar Modified (TSA II)) plates, and the strips were rolled onto the inoculated plates, 
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incubated at 37 °C overnight, and reading the MIC according to Figure 11 

 

Figure 11 MIC. Evaluator. Increasing concentrations of ampicillin contained in 

the MIC strip have different inhibitory effects on E. coli O157 on the plate, and a zone 

of inhibition will be formed around the strip, and the location of the MIC will appear at 

the boundary of the zone. The MIC is read where the boundary of inhibitory zone 

reached and unit of reading is µg/mL (Antimicrobial Susceptibility Testing, 2008). 

2.1.2 Generation of Persisters  

STEC O157: H7 overnight culture was transferred into 20mL M9 media as a 

ratio of 1:100 and incubated at 37°C. When OD600 of suspension reached 0.2, 4000 

µg/mL ampicillin solution was added to make the final concentration to 200 µg/mL and 

incubated at 37°C. Ampicillin solution was made by 0.04g ampicillin (Fisher 

BioReagents) with 1mL 1M HCl solution (Sigma-Aldrich) and 9 mL water (ultrapure 

by Quantum® EX Polishing Cartridge) and then filtered with 0.22µm syringe filter 

(Sterile Millex® Filters). After adding ampicillin to the suspension, 0.1 mL was taken 

at 0h, 2h, 4h, 8h, 24h and 48h, and 10-fold serially diluted to 10−12 in TSB, the TSB 

contained 10 unit/ml of β-Lactamase from Enterobacter cloacae solution (Sigma-



Aldrich™, degrade 1 mol ampicillin in 1 min is identified as 1 unit), and incubating for 

24 hours and calculate MPN. 

2.1.2.1 Most Probable Number (MPN) from Serial Dilutions 

 

Figure 12 MPN test steps. Persister culture was 10-fold serially diluted to 10−12 

in TSB, each dilution series with 5 replicates (5-tube MPN), and incubated dilution 

series overnight. Taken 100µL of each dilution into 96-well microplates and read with 

BioRad iMark™ Microplate Absorbance Reader at 600 nm wavelength.  

The wells with the OD600 ˃ 0.04 means the corresponding dilutions were 

positive; The wells with the OD600 ≤ 0.04 means the corresponding dilutions were 

negative. Select the last three consecutive dilutions with the positive wells, compare the 

number of wells giving a positive reaction to the MPN table (Blodgett, 2010) and record 

the number of bacteria present in it. 

2.1.3 Preparation of persister and non-persister culture 

STEC O157: H7, O55: H7, O79: H7, O91: H14, O113: H21, O118: H16, and 

https://www.fda.gov/food/laboratory-methods-food/bam-appendix-2-most-probable-number-serial-dilutions
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O174: H8 (from the CDC, Atlanta in the US) overnight cultures were separately added 

into 20mL TSB media as a ratio 1:100 and incubated at 37°C. When OD600(Bio-Rad 

SmartSpec Plus Spectrophotometer was used to measure optical density at 600 nm 

wavelength) of M9 suspensions reached to exponential phase, 200µg/mL ampicillin 

was added and incubated at 37°C for 24h (after 24 hours a slowest inactivation rate 

shown in ampicillin treatment indicate the isolation of persisters) to prepare STEC 

O157: H7, O55: H7, O79: H7, O91: H14, O113:H21, O118: H16, and O174:H8 

persister cultures. The non-persister culture was prepared by inoculating TSB with E. 

coli as a ratio of 1: 100 and incubating at 37°C overnight to reaching stationary phase.  

2.2 Sanitizers and Thermal Tolerance 

2.2.1 Ozone 

The sterilized tube of ozone generator was placed into the tubes with persister 

culture and non-persister culture, then released ozone gas for 0, 30, 60, 90 seconds. 

Treated persister culture and non-persister culture were plated on TSA plates and 

incubated at 37°C overnight.  

2.2.2 Sanitizers 

Persister culture and non-persister culture were treaded with sodium 

hypochlorite water solution, peracetic acid solution (Sigma-Aldrich 32 wt. % in dilute 

acetic acid) and benzethonium chloride (Sigma-Aldrich) solution for 30 seconds at 

room temperature (approximately 25°C). All the sanitizer solutions were sterilized by 

filtration through 0.22mm filters and the specific concentrations are shown in Table 3. 

Treated persister culture and non-persister culture were plated on TSA plates and 



incubated at 37°C overnight. 

Sanitizers Concentration 

Sodium hypochlorite (free chlorine) 0, 0.1, 0.2, 0.5, and 1 ppm 

Peracetic acid solution 0, 10, 20, 30, and 40 ppm 

Benzethonium chloride 0, 50, 60, 70, and 80 ppm 

Table 3 Concentrations of different sanitizers were used in the treatment 

2.2.3 Thermal 

1mL of persister culture and non-persister culture were dispensed into 1.5 ml 

centrifuge tubes; and the tubes were placed at 70°C in the water bath (Thermo Scientific 

Precision) for 0, 30, 60, 90, 180 seconds. Treated persister culture and non-persister 

culture were placed on TSA plates and incubated at 37°C overnight. The log reduction 

was calculated in different treatment times. 

2.3 Recovery of Persisters 

2.3.1 Imaging of persister population under microfluidic system 

2.3.1.1 Preparation of Lettuce Extract 

Whole green leaf lettuce was used to make lettuce extract. First, cutting the 

lettuce and juicing it with Breville Juice Fountain with Centrifugal Juicer. Centrifuged 

the juice at 9950xg for 30 minutes and transferred supernatant into a new centrifuge 

tube and centrifuged for 30 minutes. Filter the supernatant with a 250 ml sterile vacuum 

funnel 0.45µm filter and a 0.22µm syringe filter. Plating 0.5mL of the filtered lettuce 

extract on TSA plates and incubating at 37°C overnight to check for sterility. The 

lettuce extract can be stored at 4°C for approximately 5 days. The lettuce extract used 

in the trials had an average Brix of 3.93±0.06 and a pH of 5.8±0.04. 
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2.3.1.2 Microfluidic imagine 

Microfluidic chips were made by PDMS and PDMS curing agent. PDMS was 

poured into a prepared mould to form a microfluidic chip and left for one hour in a 

desiccator to remove air bubbles. The formed microfluidic chip was cured for 4 hours 

at 60°C and cooled for 15 minutes at room temperature. The chip was removed from 

the PDMS using an X-Acto knife and then punched into the hole with the aid of a 

microscope using a punch. The PDMS chip was placed on a glass slide in a plasma 

cleaner for five minutes and then baked at 60 ° C for 20 minutes, and then the resulting 

chip was bonded to a 1.22 mm thick glass slide. 

Persister culture was added 6% lettuce extra and incubated at 37°C for 0, 1, 3, 

and 5 hours. 5µL of culture was taken from each time point injected into a microfluidic 

chip. Nikon Ti-U inverted microscope(100X) was used to observe the behavior of 

persister cell.  

After 5 µL of E. coli culture was added to the microfluidic chip, ampicillin was 

added, observed under a 100X microscope, and the video was taken at different time 

points. 

2.3.2 Recovery of Persisters in Different Concentration of β-Lactamase 

Persisters culture is prepared by overnight culture 1: 100 added into TSB and 

incubating at 37°C until OD600= 0.2, then adding 200µg/mL ampicillin, and incubating 

at 37°C overnight. Adding 0.18 mL persister culture into 96-well microplate and 

separately adding 0.02 mL 0, 0.0001, 0.001, 0.01, 0.1, 1, 10, 100, 1000, 10000 unit/mL 

β-Lactamase from Enterobacter cloacae solution (Sigma-Aldrich™, degrade 1 µmol 

ampicillin in 1 min pH 7.0 at 25 °C is identified as 1 unit).  



2.3.3 Effect of reagents on Recovery of Persisters 

The persister culture is diluted into -1 to -12 in M9 media with different 

concentration of lettuce extract (0%, 1%, 2%, 3%, 4%, 5%, 6%), and vitamin C (0mM, 

1mM, 2mM, 3mM) as MPN method that introduced above and incubating at 37°C. 

Compare the number of wells giving a positive reaction to the MPN table (Blodgett, 

2010) and record the number of bacteria present in it. 

2.4 Persister Enumeration  

2.4.1 Amount of persister measured by plate count and microscope counts 

Centrifuged the persister culture and used 0.85% saline washed twice. Added 

3µL of SYTO® 9 and propidium iodide mixture (Thermo Fisher Scientific 

LIVE/DEAD™ BacLight™ Bacterial Viability Kit) in each milliliter washed persister 

culture, then incubate at room temperature in the dark for 15 minutes. Pipette 5 µL of 

the stained persister culture onto a thick glass microscope slide (Figure 13) and cover 

with a coverslip and exposed at 480nm and 535nm fluorescent light. The slide was 

imaged under the microscope (Olympus BX60) at 400X lens. At same time plating the 

washed persister culture on TSA plates and incubating at 37°C overnight.  

https://www.fda.gov/food/laboratory-methods-food/bam-appendix-2-most-probable-number-serial-dilutions
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Figure 13 Cell counting chamber (Neubauer improved cell counting chamber, 

2015).  

The cell counting chamber is classified as 9 1mm2 large squares. The large 

square in the middle is divided into 25 medium squares (as 10X shows), and each 

medium square includes 16 small square(40X). if the count of each small square is N, 

the concentration of sample is: N × 104 cel/mL. 

2.4.2 PMA-qPCR 

2.4.2.1 PMA Treatment 

Pipette 400 µL of persister culture into a sterile centrifuge tube and added 

100µL PMA enhancer (Biotium, Inc. PMA™ Real-Time PCR Bacterial Viability Kit - 

E. coli O157: H7 (Z3276).) for gram-negative bacteria 5X solution, for a 1X final 

concentration. Diluted 20mM PMA stock (Biotium, Inc. PMA™ Real-Time PCR 

Bacterial Viability Kit - E. coli O157:H7 (Z3276)) in water for 5mM working stock. 

Added 2.5µL working stock into the tube and incubated at room temperature in the dark 



for 10 minutes. Exposed the tube under LED lamps for 15 minutes. 

2.4.1.2 DNA Extraction  

Genomic DNA was isolated from both PMA treated persister culture and 

untreated persister culture. PowerSoil ®DNA Isolation Kit (MO BIO Laboratories, Inc). 

The concentration of genomic DNA from the persister sample is determined 

NanoDrop™ Lite spectrophotometer (Thermo Scientific, MA). 

2.4.1.3 qPCR Protocol 

2µL of the 5µM primers (5’-GCACTAAAAGCTTGGAGCAGTTC-3’ and 

reverse: 5’-AACAATGGGTCAGCGGTAAGGCTA-3’) for amplification of the E. 

coli O157: H7, 10µL of EvaGreen® dye-based master mix for use in qPCR application 

and DNA melt curve analysis, and 6µL sterile dH2O were added into 2µL DNA sample. 

The qPCR was performed in Bio-Rad C1000 Thermal Cycler. Cycling parameters for 

qPCR are holding at 95°C for 10 minutes for initial denaturation and followed by 40 

cycles of 95°C for 5s, 52°C for 30s, the melt temperature is 57 °C to 99 °C with an 

increment of 0.2 °C for 5 s.  

 2.4.1.4 Standard Curve  

Seven-fold serial dilutions of persister cells and non-persister cells were 

prepared. The cells were counted by plating and subjected to DNA extraction and PMA-

qPCR analysis as described above.  

2.4.3 Detection of Non-culturable Cells 

The persister cultures were kept in the ampicillin environment and incubated at 

37°C. The cultures were plated on TSA plates until plating counts is 0 to make VBNC 

culture. VBNC culture is analyzed by PMA-qPCR and plating on TSA, TSA+6% 

lettuce extract, TSA+4mM pyruvate acid (Sigma Aldrich), and TSA+4mM malic acid 
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(Sigma Life Science).  

2.5 Statistical Analysis 

Experiments at least repeated 3 three times with two independent experiments. 

All the data was calculated with Excel and analyzed with T-test one-way ANOVA 

where applicable using IBM SPSS Statistic 25.  

3 Results 

3.1 Selection of Escherichia coli O157: H7 persister cells 

The selection of persister cells from the general population is commonly 

performed by challenging culture to antibiotic that inactivates growing or tolerant cells. 

The remaining cells are regarded as being dormant by virtue of being in a non-growing 

state.  

Baseline studies established the ampicillin MIC of the test E. coli O157: H7 

strain and were determined to be 5.34 ±2.3µg/mL (Figure 14). Based on this result the 

ampicillin concentration was set at 200 µg/mL to ensure the antibiotic was present in 

excess to inactivate the growing and tolerant cells. 



 

Figure 14 Ampicillin inhibitory zone on the TSA plate with E. coli O157: H7. 

An ampicillin MIC. The evaluator strip was placed onto an E. coli O157: H7 inoculated 

TAS plate and incubated at 37°C for inhibitory zone.  

To determine if persisters were generated by E. coli O157: H7 a culture was 

grown to mid-exponential phase before the addition of 200µg/mL ampicillin. The 

culture was incubated for a further 48h with samples being withdrawn periodically to 

enumerate survivors (Figure 15). It was found that the multi-phasic die-off occurred 

with an initial rapid phase followed by a slower rate of inactivation. After 48h post-

antibiotic addition a slower rate of inactivation occurred that continued to decrease 

albeit at a slower rate (Figure 15). The residual population of E. coli O157:H7 was 

found to be approximately 2 log CFU/mL from a starting population of 9 log CFU/ mL 

upon antibiotic addition. The results confirmed that E. coli O157:H7 can enter the 

persistent state even though dormant cells only constitute a minor contingent of the 

population.  
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Figure 15 Time-dependent killing of E. coil O157: H7 by ampicillin in 48 hours 

after treatment. (E. coli O157: H7 overnight culture was added into TSB as the ratio 

1:200 and treated with 200µg/mL ampicillin when OD600 was 0.2. MPN method was 

used to enumerate viable cells at 0, 2, 4, 8, 24 and 48 hours.) 

3.2 Ability of persistent of different strains 

To assess the relative ability of E. coli O157: H7 to form persisters a 

comparative study was performed to assess the extent the same state could be induced 

in other serotypes. To this end a range of toxigenic E. coli serotypes was grown to mid-

exponential phase before adding ampicillin. The cultures were left to incubate for 24h 

and subsequent persister populations enumerated (Figure 16). It was found that there 

was no significant difference (P>0.05) in the yield of persisters compared to the other 

serotypes tested. The results suggest that the different E. coli serotypes are induced into 

the persister state to the same extent with no serotype dependency.  
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Figure 16 Different frequency of persistent of STEC O157:H7 and STEC non-

O157 strains: O55: H7, O79: H7, O91: H14, O113:H21, O118: H16, O174:H8 

(exponential phase culture of 7strains were treated with 200µg/mL ampicillin and 

incubated at 37°C overnight to make persister cultures. The persister cultures were 

plated on TSA plates to enumerate persisters). Persister frequency=concentration of 

persisters/ concentration of exponential phase culture. 

3.3 Stress tolerance of Escherichia coli O157: H7 persister cells 

In the absence of a biomarker to define the persister state, dormant cells can be 

identified by the resistance to sanitizers and thermal inactivation. It was hypothesized 

that persisters would exhibit enhanced resistance compared to the main population by 

virtue of the dormant state. To test the hypothesis the relative resistance of persister 

cells of E. coli O157: H7 was compared to stationary cells of the bacterium.  

3.3.1 Resistant of Sanitizers 

A population of persister cells of E. coli O157: H7 was prepared by growing the 
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bacterium in M9 with glucose up to the mid-exponential phase then adding 200 µg/mL 

ampicillin. After 24h the persister cells were harvested by centrifugation and 

resuspended in saline before adding to the sanitizer solution. Samples were withdrawn 

after 30s and a dilution series prepared in saline that was subsequently spread plated 

onto TSA. E. coli O157:H7 was inoculated into TSB then incubated at 37°C overnight, 

which used as non-persister culture. 

With hypochlorite in the range of 0.1 – 1.0 ppm free chlorine there was a 

significant difference in the log reductions of non-persister cells compared to persister 

cells (Figure 17). In contrast to non-persister cells that exhibited a dose-dependent 

response, there was no significant increase in the log reduction of cells within the range 

of 0.1 – 0.5 ppm within persister cells. The results suggest that persister cells exhibit 

enhanced tolerance to free chlorine compared to the non-persister cell counterpart. 

 

Figure 17 Log reduction of persister (5.37±0.65 log10CFU/mL) and stationary 

phase non-persister population (7.38±0.23 log10CFU/mL) after treated with different 

concentration of free chlorine.  

-1.00

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0.1 ppm 0.2 ppm 0.5 ppm 1 ppm

L
o

g
 R

ed
u
ct

io
n

Concentration (ppm)

Resistant of free chlorine

Persister Non-Persister



 

Figure 18 Log reduction of persister (7.52±0.11 log10CFU/mL) and stationary 

phase non-persister population (7.70±0.17 log10CFU/mL) after treating with Ozone. 

Persisters and non-persister were treated with ozone gas for 30, 60, and 90 seconds, and 

the log reduction was presented. 

The contact times between persisters and non-persister suspensions and ozone 

were 30, 60, and 90 seconds that equated to 0.2, 0.4 and 0.5 ppm respectively. After 

injecting ozone, the amount of residual ozone in suspensions were 0.2, 0.4 and 0.5ppm 

respectively. The treated persisters and non-persister were plated on TSA plates 

followed by incubating at 37°C overnight. The statistical difference(p˃0.05) between 

persister and non-persister cells is not significant, which means persisters shown similar 

resistance to ozone (Figure 18). 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

30s 60s 90s

L
o

g
 R

ed
u
ct

io
n

Contact time (s)

Resistant to Ozone

Persister Non-Persister



37 

 

 

Figure 19 Log reduction of persister (7.13±0.06 log10CFU/mL) and stationary 

phase non-persister (7.09±0.28 log10CFU/mL) after treating with peracetic acid. 

Peracetic acid solutions (10, 20, 30, 40 ppm) were used to treat persister and non-

persister suspensions for 30 seconds. Treated suspensions were plated on TSA plates 

and incubated at 37°C overnight. 

At lower peracetic acid concentration (10 and 20 ppm), the statistical difference 

between persisters and non-persister is significant (p˂0.05), while at 30 and 40 ppm, 

there is no statistical difference (Figure 19). 
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 Figure 20 Log reduction of persister (6.45±0.11 log10CFU/mL) and stationary 

phase non-persister population (7.61±0.44 log10CFU/mL) after treating with BC. 

Persister and non-persister suspensions were separately treated with 50, 60, 70, 80 ppm 

of BC solution for 30 seconds. Treated suspensions were plated on TSA plates and 

incubated at 37°C overnight. 

The significant (p˂0.05) statistical difference between persisters and non-

persister illustrates that persister have higher resistance to BC. Also log reduction of 

persisters treated with 80 ppm BC was significantly higher than 50-70 ppm. 

3.3.2 Thermal resistance 

 Untreated 

concentration 
30s 60s 90s 180s 

Persisters 7.09±0.55 

CFU/mL 

0.10±0.04 

CFU/mL 

1.02±0.31 

CFU/mL 

7.09±0.55 

CFU/mL 

7.09±0.55 

CFU/mL 

Non-

persisters 

7.77±0.27 

CFU/mL 

0.31±0.27 

CFU/mL 

7.77±0.27 

CFU/mL 

7.77±0.27 

CFU/mL 

7.77±0.27 

CFU/mL 

Table 4 Log reduction of persister and stationary phase non-persister population 

after heat treatment. Aliquots (1mL) of each sample was heated with water bath at 70°C 
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`for 30, 60, 90, and 180 seconds. Treated samples were plated on TSA plates and 

incubated at 37°C overnight. 

When persister cells were exposed to 70°C the decrease in numbers was 

significantly lower than non-persisters up to 60s treatment time (Table 4). However, 

beyond 60s there was no significant difference observed with > 7 log count reduction 

in both persisters and non-persister cells.  

Overall the results confirm that persister cells have a higher tolerance to stress 

compared to non-persister cells especially in relation to resistance to quaternary 

ammonium compounds.  

3.4 Revival of Escherichia coli O157:H7 persisters 

3.4.1 Imaging of persister population under microfluidic system 

With confirmation that the ampicillin challenge could induce persisters within 

E. coli O157:H7 subsequent studies investigated how the state of dormancy is 

maintained but then ultimately broken. Initial attempts were made to assess the 

induction and breaking of the dormant state by visualizing individual cells within a 

microfluidic system. Here, cells from a growing culture were introduced into the 

observation chamber followed by ampicillin. It was observed that in the initial 2h 

contact with ampicillin the E. coli cells exhibited tumbling motility with no observed 

distress. However, as time went forward to 2.7 h post-ampicillin addition, it was noted 

that several cells became static while others continued with tumbling motion. Shortly 

after at 3.3h there was an aggregation of cells that then developed into a webbed 

network as the cells lysed (Figure 21). Although there were individual cells that 

remained intact these were hard to differentiate from cell debris.  



 

Figure 21 Screen capture of microfluidic video. Appearance of E. coli following 

4.7 h exposure to ampicillin. A growing E. coli culture was introduced into a 

microfluidic chamber followed by 200 µg/mL ampicillin. The cells were observed 

under a phase contrast microscope with images being captured over a 5 h contact period. 

Attempts were made to visualize the revival of persister cells by using the 

microfluidic chip. However, problems were encountered with the low volume that 

could be applied to the chip (5 µL) that in turn required a high cell density of cells in 

order to visualize under the microscope. In this regard the relatively low proportion of 

persisters coupled with the inability to purify dormant cells from the main population 

made visualization of revival via time-lapse photography problematic. This was 

especially the case given that trials were limited to 5 h after which the microfluidic 

system would start to dry out. Therefore, alternative approaches, which are CFU 

counting, MPN, and growth monitoring were undertaken in following experiment to 

study the revival of persister cells.   
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3.4.2 Effect of Lettuce Extract and Vitamin C on Revival of Persisters 

To verify the hypotheses that related to revival of E. coli O157: H7 persisters, a 

series of experiments were performed to determine the conditions that could induce 

revival of persisters. At first, M9 with 0%-1% lettuce extract was used to induce revival 

of persisters (Figure 22). Compare with Day1, log10 MPN/mL of day 20 is higher, 

which illustrates that persisters undergo a process of delayed revival which in this case 

was 24-48h. Yet, it should be noted that the levels of persisters recovered in lettuce 

extract by Day 20 did not significantly differ compared to controls (M9 containing no 

lettuce extract). Therefore, it can be concluded that lettuce extract increases the rate by 

which E. coli O157:H7 persisters revive rather than the extent.   

Experiments were performed to assess the effect of vitamin C on the revival of 

persisters. Here, a culture of E. coli O157:H7 persisters were incubated in M9 

supplemented with vitamin C and the revival of cells monitored using the MPN method 

(Figure 22).  It was found that the inclusion of vitamin C in the growth medium did not 

result in a greater recovery of persisters relative to the control (Figure 22).   

To determine whether persisters can revive completely, E. coli O157 culture 

was enumerate by plating counting and haemocytometer cell counting. Overnight E. 

coli O157 culture was transferred to M9 broth as a ratio 1: 200 and incubated at 37°C. 

When OD600 of suspension reached 0.2 (exponential phase), treated with 200µg/mL 

ampicillin and incubated overnight to make persisters culture. Persisters were 

transferred to M9 agar plates to calculate plate counts and observed under microscope 

for cell counts. Log (10) plate count was 5.36±0.21, and log (10) cell count was 

5.12±0.11 There was no significant difference between plating counting and 

haemocytometer cell counting, which means the  persisters transferred to plates were 



fully revived. 

 

Figure 22 The effect of different concentrations of lettuce extract on recovery 

of E. coli O157 persisters. M9 media (0% lettuce extract) is used as control, E. coli 

O157 persisters was transferred to M9 media with 0-6% six different concentrations of 

lettuce extract and incubated at 37° for 20 days. The log10 MPN/mL of each 

concentration was calculated at day1 and day 20. 
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Figure 23 The effect of different concentrations of vitamin C on recovery of E. 

coli O157 persisters. M9 media (0mM vitamin C) is used as control, E. coli O157 

persisters was transferred to M9 media with 0-3 four different concentrations of vitamin 

C and incubated at 37° for 20 days. The log10 MPN/mL of each concentration was 

calculated at day1 and day 20  

3.4.3 Revival of Escherichia coli O157:H7 persisters by removal of antibiotic stress 

A paradox of persister cells is that they are formed under conditions that support 

growth but yet can be revived upon plating onto agar plates. This could suggest that 

rather than an agent being required to revive cells it possible that removal of antibiotic 

stress is sufficient to break the persister state. To test this hypothesis a series of 

experiments were performed to determine if removal of antibiotic stress through 

degradation of ampicillin through the addition of lactamase to a persister population. 



 

Figure 24 Disc diffusion test. The discs that contain 200µg/mL ampicillin were 

placed on TSA plates with 0.1 mL of E. coli O157: H7 stationary phase culture. 0, 

0.0001, 0.001, 0.01, 0.1, 1, 10, 100 unit/mL β-lactamase(A-G) were separately added 

onto ampicillin discs. The TSA plates were incubated at 37°C overnight to degrade 
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ampicillin. 

The inhibitory zone of A-D is clear, which means the ampicillin was not 

degraded by β-Lactamase, but on E-G, there was no inhibition zone around the 

ampicillin β-Lactamase discs, the ampicillin was degraded below the MIC. 

 

Figure 25 The growth curve of E. coli O157 persisters after adding β- lactamase 

to degrade the ampicillin.  

The degradation efficiency of β-lactamase is 1 µmol/ unit per minute, the 

amount of ampicillin in persister culture is 200 µg/ mL, which means 0.57 unit/ mL of 

β-lactamase is required to degrade the ampicillin (Figure 26). Therefore, >0.6 Units 

was added to the persister culture to ensure that sufficient ampicillin was degraded to 

be below the MIC over the time course of the experiment.  

To assess the role of ampicillin in maintaining the persister state trials were 

performed whereby a population of persisters were generated as previously described. 

After 24h post-ampicillin addition the persister culture was dispensed into a 96 well 
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plate and different amounts of lactamase added. The revival of persisters was then 

assessed by monitoring the increase in optical density at 600 nm (Figure 26).  

When 10- 100 Units of lactamase was added to the persister culture there was 

an increase in growth of E. coli O157:H7 following a 5h incubation period (Figure 26). 

In comparison, in the presence of 1 Unit lactamase the lag period was extended to 10h 

with no revival when lower amounts of the enzyme were added (Figure 26). The results 

would suggest that revival of E. coli O157:H7 persister cells occurred when the 

ampicillin concentration had decreased to below the MIC and that there were no other 

constituents within the growth medium to sustain the dormant state. 

 

Figure 26 The growth curve of E. coli O157 persisters after transferring into 

TSB with different concentration (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20µg/mL) of 

ampicillin. 

In order to determine the critical ampicillin concentration to maintain the 

persister state a series of experiments were performed whereby a persister population 
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was transferred to fresh media containing different concentrations of the antibiotic (0-

20 µg/ mL). The microplate was read by microplate reader at OD600 every hour (Figure 

27). The result shows only in the group that TSB contain 0 µg/ mL ampicillin, the 

persisters revived to growth after 8-hour lag phase. However, no revival of persisters 

occurred even in the presence of 2 µg/ mL despite the MIC being 5.34 ±2.3µg/mL the 

results would suggest that low concentrations of ampicillin are sufficient to maintain 

the dormant state with E. coli O157:H7.   

3.5 Transition of Persisters to Non-culturable Cells 

A: Cycle threshold (Ct) value of PMA-treated Control vs. PMA-treated Persister.  

 

 

B: Ct (Persister vs. PMA-treated Persister) 
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Figure 27 The standard curve of Ct (cycle threshold) versus log10 CFU/mL of 

E. coli O157. A: Ct values obtained during amplification of different dilutions of PMA-

treated E. coli O157 persister and stationary phase (control) suspensions. B: Ct values 

obtained during amplification of different dilutions of PMA-treated E. coli O157 

persister and untreated E. coli O157 persister. 

From the results obtained it was evident that the numbers of recoverable 

persisters declined over time and in the short-term (24h) could be revived by simply 

removing the antibiotic stress. When persister cultures were incubated beyond 24 h it 

was observed that the numbers of culturable cells declined suggesting a deeper state of 

dormancy had occurred. To assess if the cells had lost viability, in addition to 

culturability, trials were performed in which persister cultures were incubated over an 

extended period (8 days). In addition to plate counting, PMA-qPCR was applied to 

assess viability during the incubation period.  

A calibration curve was constructed by using different cell densities of persister 

cells of E. coli O157:H7. A comparison was made between qPCR that would amplify 

targets regardless of the viability and PMA-qPCR that would amplify the target 
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associated with viable cells (Figure 29). It was found that Ct values for persister and 

non-persister E. coli O157:H7 cells did not significantly differ. In addition, there was 

no significant difference between assay performed with or without PMA (Figure 29). 

The results suggest that the qPCR detected target within viable cells with negligible 

interference from non-cell associated DNA. Moreover, PMA, which can penetrate into 

dead cells with compromised cell membranes, binds to DNA then prevents DNA 

amplification. Persister cells were impermeable to PMA dye given that the chelating 

agent would have inhibited amplification of the target.  

 

Figure 28 Comparison of log10 CFU/mL between PMA-qPCR counts and 

plating counts (TSA, TSA + lettuce extract, TSA + pyruvate acid, and TSA + malic 

acid plates) of non-culturable cells) 

When the culturable cells had decreased to below the level of detection (<9 

CFU/mL) the persister cells were harvested by centrifugation then resuspended in saline, 

then enumerated by qPCR and plating on TSA, TSA + lettuce extract, TSA + pyruvate 
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acid, and TSA + malic acid plates. The concentration of viable cells was detected by 

qPCR, and culturable cells are determined by plating. The viable cells are 1.7log 

CFU/mL greater than culturable cells, which means, the persisters enter viable but non-

culturable state after prolong ampicillin exposure. Compare with TSA plates, addition 

of lettuce extract, pyruvate acid, and malic acid was no significant influence on reviving 

non-culturable cells. 

3.5.1 Revival Non-culturable Cells 

 With ampicillin Remove ampicillin 

Log (10) CFU/mL 

4 °C 37°C 4 °C 37°C 

˂1 ˂1 2.61±0.10 7.72±0.53 

Table 5 plating counts of non-culturable cells that revived by removing 

ampicillin and cold shock. 

Persister culture was incubated with ampicillin until plate counts was 

uncountable (˂9 CFU/mL) and was divided into four portions: 1. Persister was kept in 

ampicillin stress at 37°C. 2. Persister was kept in ampicillin stress at 4°C. 3. Ampicillin 

was removed and saline was added in persister culture and incubated at 37°C. 4. 

Ampicillin was removed and saline was added in persister culture and incubated at 4°C. 

Four portions were incubated overnight and plated on TSA for enumeration. The log 

(10) CFU/mL of the groups that removing is ampicillin significantly higher than the 

groups the contain ampicillin. Since 4°C inhibits the growth of E. coli, the number of 

non-culturable cells recovered at 4°C is less than at 37°C. Therefore, elimination of 

ampicillin can promote the revival of non-culturable cells. 
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4 Discussion 

In this study, the MIC of ampicillin to E. coli O157 was 5.34 ± 2.3 μg / mL, 

which was higher than the MIC (2-4 μg / mL) that inhibited 90% of the 244 E. coli 

O157 isolates from beef (Sasaki, et al., 2012). To isolate persister cells, the exponential 

phase population was treated with 200 μg / mL ampicillin, which normally applied in 

researches on E. coli persisters, for 24 to 48 hours that inactivated the sensitive and 

tolerant cells. The result is in contrast to other published studies that routinely study 

persisters recovered after 4h post-antibiotic addition (Lewis, 2018; Canas-Duarte, 

Restrepo, & Pedraza, 2014). It is likely that a short post-antibiotic incubation time 

would result in a combination of persister and tolerant cells that could be the root cause 

of the conflicting results observed in much of the research to date. In order to minimize 

influence by tolerant, non-growing and non-culturable cells and isolate persistence cells 

from exponential phase E. coli O157: H7 population, an over 24-48 h treatment of 

ampicillin is suggested to isolate persisters. 

The formation of persisters also occurs in STEC non-O157 strains, which are 

O55: H7, O79: H7, O91: H14, O113:H21, O118: H16, and O174:H8. It was found that 

the proportion of persisters did not differ amongst the different serovars suggesting that 

the induction of dormancy is stoichiometric. This would be agreement with one theory 

of persisters that suggests induction into dormancy is not due to mutation but more 

linked to physiological control mechanisms (Bigger, 1944; Keren, Kaldalu, Spoering, 

Wang, & Lewis, 2004). However, an alternative theory is that genetic regulation 

(expression) of the toxin/anti-toxin (TA) operon is primarily responsible for inducing 

the persister state (Page & Peti, 2016). The role of TA systems is largely based on the 

abundance of toxin/anti-toxin operons found in a broad range of bacteria suggesting the 



genes act as a global regulator for dormancy (Kwan, et al., 2015). Further supporting 

evidence of the role of TA in dormancy was from studies with E. coli Hip A mutant 

where over expression led to an increase number of persisters being recovered (Page & 

Peti, 2016; Moyed & Bertrand, 1983). However, recently the papers reporting on the 

enhanced proportion of persisters by E. coli Hip A have since being retracted that has 

led to re-evaluation of regulation of dormancy.  

Attempts were made to study persisters at the single-cell level by using a 

combination of microfluidics and microscopy. The selection of persisters was 

successfully observed when ampicillin was introduced into a population of E. coli 

whereby cell lysis could be seen within 4.7 h post-antibiotic addition. It is likely that 

the observed lysis of cells was associated with sensitive types given that tolerant cells 

required a 24h incubation period to become inactivated. Attempts to study the revival 

of persister cells by microscopy has been previously reported although in the current 

study was unsuccessful. This could be attributed to the low level of persisters within a 

population and hence unlikely to be encountered in the 5 µl sample used in the 

microfluidic system. Consequently, the revival of persisters from the dormant state was 

studied using culture-based techniques that assumes all dormant cells within a 

population would respond the same to an environmental stimulus. This assumption 

could be questioned given that the persister state appeared dynamic in that extended 

incubation (8 days) post-antibiotic addition led to a non-culturable state. However, E. 

coli O157:H7 persister cells could be revived from the persister state during the early 

phase (24 h post-antibiotic addition) by simply removing ampicillin by enzymic 

degradation or by resuspending cells in antibiotic free media. The results suggest that 

removing persister from antibiotic pressure is the main factor to recover persisters. It is 

worth mentioning that the recovery of persister requires the complete removal of 
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antibiotics. Minimal antibiotic concentration to inhibit E. coli O157 persister 

resuscitation is lower than its MIC. Ampicillin not only can isolate persister from E. 

coli O157 population but also can maintain persisters state at low concentration 

(˂MIC.). Persisters can be awaked by fresh media, adding sugar and other compounds 

like glucose, pyruvate, and cis-2-decenoic acid (Wood T. K., 2016). Also, 3-[4-(4-

methoxyphenyl) piperazin-1-yl] piperidin-4-yl biphenyl-4-carboxylate (C10) was 

found can transform persisters into antibiotic-sensitive, which proved by cooperating 

of C10 and norfloxacin can eliminate both persisters and antibiotic-sensitive 

populations. (Kim, et al., 2011). 

Although the results show that adding lettuce extract can reduce the time it takes 

for the persisters from recover activity to the begin to grow, lettuce extract does not 

increase the number of recovered persister. The lettuce extract may unable to reactivate 

the persisters, but it increases the nutrients in the culture and accelerates the growth of 

the recovered persisters, although the results in the literature that sugar can awake 

persister (Wood T. K., 2016). In addition, regardless of whether or not there is a lettuce 

extract, the persisters are all revived, so there is no difference in the number of cells 

recovered in the growth media despite the addition of lettuce extract. This hypothesis 

is determined by the results number of plates counts and live cell counts of persister 

were similar. Persister cells on lettuce resulting from soil environmental, however, once 

persisters leave environmental stress, it would be revived to sensitive cells by lettuce, 

which can be effectively eliminated by sanitation. 

In addition, it is found in the results that 1-3mM vitamin C has no influence on 

the recovery of persister, even extend the lag time before revival due to its antioxidant. 

In the Vilchèze group's study, the combination of antibiotics and vitamin C can inhibit 

pathogenic bacteria persisters in mice (Vilchèze, Kim, & Jacobs, 2018). This result is 



thought to be because vitamin C affects the persistence of pathogenic bacteria by 

inhibiting biofilm formation and reduce the formation of persister (Yew, Chang, Leung, 

Chan, & Zhang, 2018; Vilchèzea & Jacobs, 2018).  

It is worth noting is that after keeping the E. coli O157 persisters under 

ampicillin stress more than 8 days, partially persisters gradually enter deeper dormant 

state, which are non-culturable cells. The number of viable cells is significant more than 

the number of culturable cells, which illustrate the existence of non-culturable cells. 

However, non-culturable cells can be revived from dormancy to active state by 

removing the antibiotic. This in turn maybe caused by depletion of intracellular ATP 

required to maintain the proton motive force of membranes. If this was so then the 

provision of malic acid or pyruvate may provide an indirect means of maintaining the 

proton motive force. For example, malic aid is transported into cells via an antiport 

system similar to the well characterized malolactic fermentation. However, in the 

current study it was noted that malic acid, pyruvate or lettuce extract not result in 

enhanced revival of persisters. It is possible that other effector compounds could act as 

revival agents and would be worthy of further study. Other researchers have 

demonstrated the revival of VBNC by extended incubation (weeks – months) in rich 

media (Li, Mendis, Trigui, Oliver, & Faucher, 2014). The revival of VBNC has also 

been demonstrated by using cold or heat shock and by the addition of copper chelator 

(Li, Mendis, Trigui, Oliver, & Faucher, 2014).  

The primary objective of the study was to gain insights of the significance of 

the persister state of E. coli O157:H7 with regards to food safety. To date the persister 

state has largely been of interest in clinical microbiology whereby residual populations 

surviving antibiotic exposure could go on to cause latent infections in the host. In the 

current study it was evident that E. coli O157:H7 and other STEC form persisters. 
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Although not investigated to any great extent, it is possible that the stress imposed 

within food systems could result in a greater proportion of persisters. Regardless of this 

possibility, it was found that persister cells exhibit higher tolerance to different 

sanitizers and thermal inactivation. The reason lead to sanitizer resistance may due to 

the low metabolic activity and growth ultimately leads to reducing the targets of 

sanitizer, which may limit the efficiency of sanitizer (Maisonneuve & Gerdes, 2014).  

In addition, E. coli O157 persisters have a higher resistance for QAC (50-

80ppm). Studies have shown that when BC is used as a sanitizer, E. coli developed 

resistance to BC (Langsrud, Sundheim, & Holck, 2003); it may be due to the persisters’ 

enhanced efflux activity, which can pump compounds like QACs and antibiotics out of 

cell (Pu, et al., 2016). At same time, QACs were used to instead of antibiotics to select 

persisters also illustrates the resistance of persisters to QACs (Cortesia, Lopez, Waard, 

& Takiff, 2010). Compared to non-persisters, persisters are also highly resistant to heat 

treatment (70°C). It is also mentioned in a study that antibiotic and starvation stress can 

increase the heat tolerance at 56-57°C (Azizoglu & Drake, 2007; Jenkins, Schultz, & 

Matin, 1988). The reason of this increase could due to the formation of persisters. 

However, not only resistant to 70°C for 60s is unexpected, but also 0.31 log reduction 

of stationary phase non-persisters at 70°C for 30s is abnormal, as study found, at least 

5 log reduction is expected at 71.1°C for 3s (Mazzotta, 2001). Thus heat-resistance of 

persisters is not significantly higher than non-persisters, the pasteurization processing 

63.5°C for 30 minutes and 71.7°C for 15s could be efficiency to eliminated persisters. 

However, the concentration (chlorine: ˂ 200ppm; peracetic acid: ˂ 200ppm) 

used for surface disinfection in food industry is much greater than the concentration of 

persisters resistant to in the results (Food Additive Status List, 2019). Studies were more 

focus on the tolerance of Escherichia coli biofilm persisters to oxidative sanitizers, and 



researches on persister in the free state are lacking (Wang, Bono, Kalchaynand, 

Shackelford, & Harhay, 2012). Exposure of Listeria monocytogenes to chlorine may 

result in persister state, which increase the tolerance of chlorine, and the study assume 

that chlorine induce and maintain oxidative stress persisters (Bansal, Nannapaneni, 

Sharma, & Kiess, 2018). 

The greater tolerance of persisters to sanitizers and thermal inactivation could 

explain the tailing observed in inactivation curves. Consequently, it is possible that 

persisters could survive interventions such as thermal treatment and sanitizers that may 

not necessarily be detected by standard enumeration methods. In this respect, persisters 

could be viewed as significant to food safety and requires to be considered in risk 

analysis. However, the current study also suggested that persisters likely enter a VBNC 

state which cannot be readily revived by culturing. If the VBNC cells derived from 

persister cells are the same as non-culturable cells resulting from accumulated stress 

remains unknown. Therefore, similar to VBNC cells, the significance of persister cells 

remains unclear but worthy of further studies.  

4.1 Conclusion 

This study recommends that more than 24 hours of antibiotic treatment is 

required to isolate persisters and can reduce the effects of non-persister cells. Second, 

the proportion of persister cells appears constant between different serovars that would 

discount a mutation or selection of strains such as Hip. It means that the process is 

stoichiometric rather than actually induced by stress factors as proposed by some. Then, 

complete removing of antibiotics can recovery persisters, however, the adding of lettuce 

extract and vitamin C cannot increase the number of recovered persisters. Adding 

lettuce extract may reduce the time that persisters needed to recover.  
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Although persisters in the free state lack biofilm protection, persister is still 

more resistant to oxidizing sanitizers, QACs than non-persister, however, heat and 

ozone treatments are helpful to kill persisters. 

Finally, under antibiotic stress, persisters will convert to non-culturable state. 

4.2 Future work 

First, whether the lettuce extract and other food produce can reduce the lag 

phase of persisters recovery if so, the threaten of persisters in food industry could be 

reduced by sanitation. 

Second, whether the dormant state of persisters and VBNC are different, and 

the difference in metabolic activity, cell structure, and virulence. 

Then, whether the virulence of persisters and VBNC are still threatened by food 

safety and human health. 
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