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ABSTRACT 
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ESCHERICHIA COLI SUBJECTED TO ENVIRONMENTAL STRESS CONDITIONS 

 

 

Abdulhakeem Alzahrani                                                                          Advisor:  
University of Guelph, 2020                                                                      Dr. Keith Warriner                       
                                                                         
 
                                              
 
 
          This thesis focused on characterizing the induction and revival of Shiga toxin-producing 

Escherichia coli (STEC) from the persister state, along with the contribution of the persister state 

to survival in soil. The antibiotic selection assay was applied to isolate persisters and it was 

found that a consistent proportion of the population (0.01%) existed in the persister state, 

irrespective of the strain tested or the effector agents supplemented into media. STEC persister 

cells exhibited temporal resistance to ampicillin that was not attributed to mutation. When a 

growing culture of E. coli O157:H7 was challenged with ampicillin the die-off followed multi-

phasic inactivation kinetics with an initial rapid decline in the number of sensitive cells (Phase I) 

followed by a slower death-rate in tolerant cells (Phase II) that ultimately reached a plateau 

(Phase III). After prolonged exposure to antibiotic, the persister population entered a viable but 

non-culturable state (VBNC) (Phase IV). While Phase III persisters could be revived by 

removing the antibiotic pressure, Phase IV persisters could not be cultured despite confirmation 

of their viability via staining. STEC introduced into sandy-loam soil formed a subpopulation of 
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VBNC persisters that was distinct from the main population. In loam soil, culturable persisters 

could be recovered at the end of a 21-day incubation period. Collectively, the work presented 

here illustrates the challenges in defining the persister state given the dynamic nature of the 

phenotype. The experiments in this study also confirm that the persister state contributes to long-

term STEC survival in soil, although it remains to be clarified whether the persister state leads to 

increased virulence.  
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CHAPTER I 

1. Literature review 

1.1. General introduction 

Consumers are becoming increasingly aware of the health benefits of eating fresh produce, 

which has supported sustained growth in this sector (Kozak et al. 2013). With a greater 

consumption of fresh produce comes an increased risk for foodborne illness (Doyle and Erickson 

2008; Warriner et al. 2009). Thus, foodborne illness remains a significant source of disease in 

Canada with an estimated four million cases each year (Thomas et al. 2015). Approximately 48 

million cases of foodborne illness occur each year in the United States according to the Centers 

for Disease Control and Prevention (CDC, 2020). Plant commodities such as vegetables, fruits, 

etc., were found to be responsible for over 51% of the cases of foodborne illness from 1998 to 

2008 (Painter et al. 2013). 

The increasing incidence of foodborne illness can be attributed in part to the increased 

intake of ready-to-eat fresh produce as well as to enhanced outbreak surveillance systems that 

have improved monitoring and outbreak detection (Berger et al. 2010; Doyle and Erickson 

2008). Consumption of vegetables and fruits in Canada has increased by 26 and 56 percent from 

1963 to 2010, respectively because of its abundant availability and convenience (Kozak et al. 

2013; Olaimat and Holley 2012). In North America, the consumption of fruits and vegetables has 

increased by 19 and 29 percent per capita, respectively, representing a 6 billion dollar industry 

every year (Clemens 2004; Warriner et al. 2009).    

Among all food commodities implicated in foodborne illness (e.g., meat, fish, eggs, fruit, 

and vegetables), leafy vegetables were the most common and susceptible outbreak-associated 

food source (2.2 million cases), the second most common cause of hospitalizations (7,800 cases), 

and the fifth most common cause of death (88 cases) in the outbreaks between 1998 and 2008 in 

the United States, including a total of 188,171 cases of bacterial infection (Painter et al. 2013). 

Kozak and co-workers identified 27 Canadian outbreaks between 2001 and 2009 that could be 
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linked to fresh produce consumption, and these outbreaks involved 1,549 cases of illness; 

furthermore, 66% of the total cases were due to bacterial infection, and leafy greens and herbs 

represented the most common vector implicated in these outbreaks (Kozak et al. 2013).  

Although a diverse range of human pathogens is associated with fresh produce (Ibekwe et 

al. 2011), Escherichia coli strains represent one of the most frequent agents associated with fresh 

produce-linked outbreaks (Kozak et al. 2013). Shiga toxin-producing E. coli (STEC) serogroup 

is one of the most virulent E. coli pathotypes, and it plays the largest role in bacterial foodborne 

illness (Doyle and Erickson 2008; Karp et al. 2015). There are more than 400 STEC serotypes, 

30% of which are considered highly pathogenic and capable of causing hemolytic urinary 

syndrome (HUS) (Mathusa et al. 2010). The most significant strain is O157, which is commonly 

linked to cattle as the primary carrier. 

Non-O157 strains are an emerging pathogen, estimated to cause up to 63% of STEC 

infections (CDC, 2018). The six most frequently encountered non-O157 STEC strains implicated 

in HUS are now known as the “Top 6” and were given adulterant status in 2012. It was initially 

thought that non-O157 STEC would follow the same routes as O157 with the main source being 

beef or processed beef products (Mathusa et al. 2010). However, the majority of reported 

outbreaks linked to beef have been attributed to O157 STEC rather than to non-O157 STEC. In 

outbreaks involving non-O157 STEC, most cases have been traced back to person-to-person 

contact or fresh produce contamination (Mathusa et al. 2010). 

Contamination of fresh produce can occur at any point during production; however, the 

manure application step is suspected as a frequent cause of contaminated crops, which can have 

potentially fatal outcomes. As the manure used as an organic soil amendment in crop production 

can potentially harbor STEC, intervals of 90 or 120 days depending on the type of crop between 

application and harvest have been proposed to minimize the risk of pathogenic contamination 

(Coleman 2012). However, a small STEC subpopulation has been shown to survive longer than 

120 days (Islam et al. 2005), suggesting that this subpopulation may enter a persister state 

induced by external triggers present in the field environment that enhance survival and resistance 

to stressors encountered on or within plants, in addition to post-harvest washing. The persister 
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state is a type of bacterial dormancy whereby cells enter a non-growing state reminiscent of 

hibernation (Lewis 2010; Wood et al. 2013).  

Even though the persistence phenomenon was discovered in 1942 (Bigger 1944) and 

despite its important implications for the safety of fresh produce production, its role in non-O157 

survival remains unexplored. Understanding the factors that induce or break the persister state in 

STEC could be used to develop novel interventions for risk analysis studies or for estimating the 

true die-off kinetics in the environment, thereby mitigating the food safety risks associated with 

fresh produce. 

1.2.  Escherichia coli 

E. coli is a Gram-negative, non-spore-forming facultative anaerobic bacilliform bacterial 

species that belongs to the family Enterobacteriaceae; E. coli was discovered in 1885 by 

Theodor Escherich, a German scientist (Bhunia 2018; Feng et al. 2002). E. coli naturally inhabits 

human and animal gastrointestinal tracts, although, it can also be isolated from various food 

sources, including vegetables, sprouts, raw milk, unpasteurized apple juice, among others 

(Duriez et al. 2008; Gordon 2013). The majority of E. coli strains are harmless and offer various 

benefits, e.g., vitamin K synthesis and natural probiotic properties (Duriez et al. 2008); however, 

approximately 4.5 million years ago a group of E. coli entered a separate evolutionary pathway 

that led to the acquisition of virulence factors that confer pathogenic traits (Kaper et al. 2004; 

O’Sullivan et al. 2007).  

Six pathotypes of E. coli cause disease in humans (e.g., mild diarrhea), and in some cases 

these strains can cause life threating disease (e.g., bloody diarrhea, HUS) or death, depending on 

their virulence attributes and mechanisms (Figure 1. 1) (Bergan et al. 2012; Kaper et al. 2004). 

These strains include enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), 

enterotoxigenic E. coli (ETEC), diffusely adherent E. coli (DAEC), enteropathogenic E. coli 

(EPEC), and Shiga-toxin producing E. coli (STEC) / enterohemorrhagic E. coli (EHEC). In this 

literature review, the pathotype of interest is STEC, commonly called verocytotoxigenic E. coli 

(VTEC). 
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Figure 1. 1. Pathogenic schema representing diarrheagenic E. coli (copied from Bhunia 2018). ETEC 
produces heat-labile (LT) and/or heat-stable (ST) enterotoxins after attaching to small bowel enterocytes, 
thus causing watery diarrhea. EPEC attaches to small bowel enterocytes, consequently inducing the 
formation of attaching and effacing lesions that cause inflammation and diarrhea without toxin 
production. EHEC/STEC adheres to intestinal cells resulting in attaching and effacing lesions similar to 
those caused by EPEC; however, EHEC produces Shiga-toxin, which can lead to life threatening 
complications. EAEC attaches to small and large bowel epithelia in aggregative clumps and produces 
toxins. EIEC invades epithelial cells in the colon and migrates laterally from cell to cell, thus causing 
dysentery. DAEC adheres to small bowel enterocytes, and the enterocyte then wraps around the DAEC, 
thus disrupting proper enterocyte function (Bhunia 2018; Kaper et al. 2004).  
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1.2.1. Shiga-toxin producing E. coli 

EHEC strains comprise a subgroup of STEC, from which all EHEC are classified as 

pathogenic (Mathusa et al. 2010). The STEC pathotype is distinguished from other E. coli 

pathotypes based on its potential to secrete Shiga toxin, which is similar to a cytotoxin produced 

by Shigella dysenteriae serotype 1 (Nguyen and Sperandio 2012). The cytotoxin is referred to as 

verotoxin, which is produced by E. coli (VTEC), based on its cytotoxicity to Vero cells (African 

green monkey kidney cells) (Bergan et al. 2012; Gyles 2007). Therefore, Shiga toxin is the key 

virulence factor of the STEC pathotypes, which can be divided into two types, i.e., those that 

encode Shiga-like toxin (Stx1) and those that encode verotoxin (Stx2). Some STEC strains 

produce both Stx toxins, while others express only one type (Bergan et al. 2012; Hofer et al. 

2012). There are three Stx1 variants (Stx1a, Stx1c, and Stx1d) and seven Stx2 variants (Stx2a, Stx2b, 

Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) (Smith et al. 2014). Stx1 toxins are less potent than Stx2 

toxins (Smith et al. 2014), and Stx2 is more commonly associated with human disease than Stx1 

(Bergan et al. 2012). Specifically, according to a World Health Organization (WHO) (2018) 

report, STEC strains that carry the stx2a gene and the eae adherence gene have the greatest 

potential to cause diarrhea associated with hemorrhagic colitis (HC) and HUS .  

The stx genes are encoded on prophages that are stably integrated into the E. coli 

chromosome. Expression of the stx genes induces phage replication, resulting in Shiga toxin 

release via cell lysis. Consequently, Shiga toxin production usually, but not universally, causes 

death of the producing cell (Gyles 2007). The prophage genes are expressed when the bacterial 

SOS response is induced due to DNA damage, environmental stress, or antibiotic treatment, thus 

allowing RecA to stimulate the autoproteolytic cleavage of certain prophage repressors (Penadés 

et al. 2015; Rozanov et al. 1998). When the bacteriophage comes in contact with a host bacterial 

cell, it injects its genome, thus leading to either a lytic or lysogenic program (Bondy-Denomy 

and Davidson 2014; Penadés et al. 2015). In the course of the lytic cycle, the phage genome is 

replicated and packaged into new phage particles (Figure 1. 2), which are subsequently released 

via cell lysis. Alternatively, bacteriophage injection can lead to entry into the lysogenic cycle, in 

which the phage DNA is integrated into the bacterial genome or forms an extrachromosomal 

plasmid (Figure 1. 2). In this latent state, the phage is referred to as a prophage and the infected 

cell is described as a lysogen. Under these conditions, the phage genes are generally repressed by 



6 

phage repressor proteins (e.g., lambda, P22, 434), which oppose the phage cro protein, which 

controls the genetic switch between the lytic or lysogenic cycle following infection. Moreover, 

phage messenger RNA (mRNA) expression is inhibited to allow lysogenic cells to survive to 

transmit the prophage genome to future generations. The prophage genome can affect the fitness 

and virulence of lysogenic cells, and it can excise from the host genome to initiate the lytic cycle 

to infect other cells (Bondy-Denomy and Davidson 2014; Penadés et al. 2015). Nearly all toxins 

responsible for toxin-mediated disease (toxinoses) are encoded by phages (Penadés et al. 2015). 

Therefore, the stx genes in E. coli exemplify this concept as they are encoded by a 

chromosomally inserted prophage (Bergan et al. 2012; Mathusa et al. 2010).  

Stx is a type of AB5 toxin, which comprises two subunits called the B and A subunits 

(Kaper et al. 2004). The B subunit is composed of five proteins that bind the holotoxin to 

globotriaosylceramide (Gb3), a glycolipid that acts as a receptor on the target cell’s surface, 

ultimately resulting in HUS development. The monomeric A subunit cleaves host ribosomal 

RNA (rRNA) to halt and impede protein synthesis in infected cells (Kaper et al. 2004).  

 

 
Figure 1. 2. Illustration of the lytic and lysogenic cycles during bacteriophage injection (copied from 
Brovko et al. 2012). 
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1.2.2. Infection mode of Shiga toxin-producing E. coli 

The stx genes alone are insufficient for STEC-induced disease, as the function of another 

key virulence factor, the intimin protein (encoded by the eae gene in the locus of enterocyte 

effacement (LEE) pathogenicity island), is also required (Figure 1. 3). Intimin is important for 

attachment to the host intestinal epithelial cell (Kaper et al. 2004; Smith et al. 2014). STEC 

adheres to microvilli on the surfaces of intestinal epithelial cells via fimbriae and flagella, thus 

affecting the microvilli. During this step, known as the attaching and effacing (A/E) stage, LEE-

encode intimin located on the outer bacterial membrane facilitates STEC attachment to epithelial 

cells. Next, the STEC cells inject key proteins, e.g., Tir (translocated intimin receptor) – which 

functions as a receptor for intimin – into the host cell via a type III secretion system (a needle-

like structure). Another protein, EspF, also participates by inducing loss of trans-epithelial 

electrical resistance. Via this process, STEC cells form pedestals (cup-like structures) on the 

infected cells, thus establishing a strong connection (Kaper et al. 2004; Smith et al. 2014). 

Finally, the STEC cells releases their toxins, leading to HC and HUS.      

 

 
Figure 1. 3. Illustration of the STEC infection mode (copied from Mohawk and O'Brien 2011).  
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1.2.3. Epidemiology of Shiga toxin-producing E. coli 

STEC strains are characterized by stereotyping the O antigen (lipopolysaccharide), the H 

antigen (flagellar), or the presence of both O and H antigens (Kaper et al. 2004; Mathusa et al. 

2010). More than 400 E. coli serotypes are classified as STEC (Gyles 2007). Several serotypes 

have been associated with various types of human clinical diseases, ranging from mild non-

bloody diarrhea to HC and HUS, the latter of which often causes kidney failure (Bugarel et al. 

2011; Gyles 2007; Nguyen and Sperandio 2012). The Centers for Disease Control and 

Prevention (CDC, 2012) estimate that the STEC group causes more than 265,000 cases of illness 

with roughly 3,600 cases of hospitalization and 30 deaths per year in the United States.  

 Among the STEC group, the O157:H7 serotype is considered to be the most virulent 

(Cooley et al. 2003), thus giving rise to a high number of hospitalizations and deaths (Thomas et 

al. 2015). It has been found that approximately 10 cells are the minimum dose required for 

human infection (Cooley et al. 2003). STEC O157 and non-O157 STEC strains are estimated to 

cause 96,534 and 168,698 cases of illness, respectively, annually in the United States (CDC, 

2012). In Canada, O157 is considered one of the top foodborne bacteria associated with severe 

illness, being responsible for 12,800 cases of illness with roughly 245 hospitalizations and 8 

deaths every year according to Public Health of Canada (PHC, 2016). The O157:H7 E. coli 

serotype has been commonly implicated in foodborne illness in North America (Xicohtencatl-

Cortes et al. 2009), while in continental Europe, the incidence of infections with non-O157 

STEC strains has been higher (Brooks et al. 2005). According to a European Center for Disease 

Prevention and Control (ECDC) report, while the incidence of non-O157 STEC strain infections 

increased, the incidence of O157 STEC infections decreased in 2017 (ECDC, 2019).        

Six non-O157 strains represent the most frequent causes of human infection initially 

implicated in HUS among the non-O157 strains in the U.S, ranging in prevalence from 4% 

(O145), 5% (045), 6% (0121), 19% (0111), O103 (22%), to 26% (026) during the period from 

2000 to 2010 (Conrad et al. 2014; Mathusa et al. 2010). From 2000 to 2010, approximately 5688 

cases of O157 STEC infection and 2006 cases of non-O157 STEC infection were documented by 

FoodNet (Gould et al. 2013). The incidence of non-O157 STEC infections reported in 2010 rose 

to 0.95 per 100,000 people from 0.12 per 100,000 people in 2000, and the rate of O157 STEC 

decreased during that time from 2.17 to 0.95 per 100,000 people (Gould et al. 2013). 
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Furthermore, the latest report available to date released by Centers for Disease Control and 

Prevention confirmed that the incidence of non-O157 STEC infection has continue to increase, 

as O157 strains have accounted for 44% of all diagnosed STEC infections while non-O157 

strains have accounted for 56% (Figure 1. 4) (CDC, 2020). The increased number of sporadic 

cases related to non-O157 strains may be due in part to the evolution and sensitivity of the 

methods available for outbreak detection and surveillance.   

 

 
Figure 1. 4. The incidence per 100,000 people of O157 and non-O157 Shiga toxin-producing Escherichia 
coli infections reported in the USA from 1996 to 2018 (copied from CDC, 2020). 

 

 

1.2.4. Outbreaks of Shiga toxin-producing E. coli associated with fresh produce 

Fresh produce is susceptible to a board spectrum of microorganisms, including E. coli, and 

contaminations that can have potentially fatal food safety consequences can arise at any point in 

the fresh produce chain, including during pre- and post-harvest processes (Krasaekoopt and 

Bhandari 2011; Mahajan et al. 2014). Cases of produce contamination during cultivation linked 

to manure, soil, water, animals, and harvest equipment have been evaluated as potential 

contributors to foodborne illness (Warriner et al. 2003; Xicohtencatl-Cortes et al. 2009). For 

example, fresh produce can become contaminated if cultivated within manure-amended soil or 

irrigated with contaminated water (Islam et al. 2005; Ray and Bhunia 2007). Additionally, the 
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processing of vegetables can potentially increase the risk of contamination, as it is handled by 

consumer or food service establishments (Kozak et al. 2013; Marriott and Gravani 2006). 

Among the E. coli group, STEC strains are one of the most virulent encountered and play 

the largest role in bacterial foodborne illness (Doyle and Erickson 2008; Karp et al. 2015). 

Within STEC, E. coli O157:H7 has been traditionally linked to ground beef consumption, 

although outbreaks associated with contaminated raw vegetables have been reported in recent 

years (Ibekwe et al. 2011). Furthermore, while most E. coli O157:H7 infections have 

traditionally had bovine origins, most non-O157 infections have been attributed to vegetables, 

raw milk, drinking water, and dairy products (Kozak et al. 2013; Liao et al. 2014).  Table 1. 1. 

presents examples of STEC serogroup outbreaks linked to fresh produce in North America.   

 

 

Table 1. 1. Examples of STEC outbreaks linked to fresh produce in Canada and the USA.  

1Foodborne Illness Outbreak Database 
2The Centers for Disease Control and Prevention 
3Public Health of Canada 
 

 

Year Serogroups Vehicle No. of cases  Source 

2020 O103 Clover sprouts 39 CDC2 

2019 O157 Romain lettuce 167 CDC2 

2018 O157 Romaine lettuce 62 FIOD1 

2017 O157 Leafy green 67 FIOD1 

2016 O157 Alfalfa sprouts 11 CDC2 

2015 O157 Leafy green  13 PHC3 

2014 O121 Raw clover sprouts 19 FIOD1 

2014 O111 Cabbage salad 15 FIOD1 

2013 O26 Lettuce 26 FIOD1 

2012 O157 Prepackaged leafy green 33 CDC2 

2011 O26 Raw clover sprouts 29 FIOD1 

2010 O145 Romaine lettuce 26 FIOD1 
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1.2.5. Survival of Shiga toxin-producing E. coli in the environment 

Animal manure has traditionally been used in agriculture to fertilize land as a part of 

nutrient management practices; however, it is commonly contaminated with enteric pathogens 

that are then spread over the land or seep into irrigation water (Islam et al. 2005; van Elsas et al. 

2011). Consequently, fresh produce crops become contaminated, resulting in a major food safety 

challenge, especially considering that fresh produce is often consumed raw with limited 

conventional post-harvest treatment. One of the most frequently identified human pathogens in 

animal manure and associated with fatal outbreaks due to fresh produce consumption is the 

STEC pathotype (Cooley et al. 2014; Rangel et al. 2005). Via surveillance studies, the 

prevalence of STEC in agricultural land was found to be highly dependent on geographical 

location and sampling season. For example, the prevalence of O157 and non-O157 STEC 

isolated from a major produce production region in the U.S during a two-year period were 8% 

and 11%, respectively (Cooley et al. 2014).  

To reduce the risk of pathogenic microorganism delivery via animal manure, the United 

States Department of Agriculture recommends waiting periods of 90 or 120 days (depending on 

crop type) following the application of manure prior to harvesting crops (Coleman 2012). The 

recommendation of 90 days reflects the time after which the edible portions of the crops do not 

come in contact with soil (e.g., sweet corn), while 120 days reflects the time after which the crop 

has come in contact with soil (e.g., leafy greens). Collectively, these timelines are intended to 

ensure that no pathogens in the manure survive to contaminate the crops. 

Despite these recommendations, Islam and co-workers determined that O157 STEC cells 

can survive for more than 120 days in soil, suggesting that the 90/120 day guidelines may not be 

sufficient to reduce the O157 STEC populations (Islam et al. 2005). Fongaro and co-workers 

(2017) corroborated this finding by showing that O157 STEC cells could survive more than 120 

days in soil. Contradicting these studies, others have reported that STEC cells, including O157, 

survive for less than 120 days (Ibekwe et al. 2011; Ma et al. 2014). The different survival 

abilities of STEC ultimately depends on external factors such as soil type, temperature, moisture, 

and indigenous microorganisms (Bolton et al. 2011; Ibekwe et al. 2011; Ma et al. 2014).  
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Avery and colleagues (2004) investigated the fate of E. coli populations deposited naturally 

by cattle, sheep or pig feces into pasture soil for 14 days.  The investigators found that E. coli 

cells could survive for 162, 120, and 162 days in cattle, sheep, and pig pens, respectively. Islam 

and co-workers (2005) assessed the survival of O157 STEC in soil and on onions and carrots 

grown in fields treated with either contaminated poultry manure, dairy manure, alkaline-

stabilized dairy manure with 107 CFU/mL , or contaminated irrigation water with 105 CFU/mL. 

Their results showed that O157 STEC cells survived between 154 and 196 days in soil samples, 

although a greater persistence of E. coli O157 was found in soil amended with contaminated 

poultry manure, while soil amended with contaminated alkaline-stabilized dairy manure showed 

the lowest supportive effect on E. coli O157 persistence. They were also able to detect E. coli 

O157 on onion and carrot samples on days 74 and 168, respectively, emphasizing that the 

pathogenic bacteria can be transmitted from animal manure to crops to cause produce 

contamination (Islam et al. 2005). The researchers found that E. coli O157 had a greater 

persistence in soil in which carrots were grown compared with its persistence in soil in which 

onions were grown, indicating that E. coli O157 persistence in soil is also affected by the kind of 

vegetable grown in soil (Islam et al. 2005). In 2017, Fongaro and colleagues examined the 

survival of E. coli O157 in sandy and clay soils after fertilization with swine digestate. They 

found that E. coli O157 populations decreased significantly after 40 days in both soil types, 

although a subpopulation of E. coli O157 persisted for up to 120 days in both soil types (Fongaro 

et al. 2017).  

The survival of E. coli O157 in two different soil types (clay and sand) under different 

conditions was also examined by Ibekwe and colleagues (2011). Their findings indicate that E. 

coli O157 populations decrease rapidly in unautoclaved soils compared with the population 

dynamics in autoclaved soils. This observation emphasizes the influence of indigenous 

microorganisms and the effects they can have on E. coli O157 survival in soil. Additionally, they 

found a small subpopulation that survived for over 60 days in soil that was fumigated with either 

methyl bromide or methyl iodide. The persistence of E. coli O157 was greater in clay soil 

compared with that in sandy soil (Ibekwe et al. 2011). Ma and co-researchers (2011) 

complemented this work by analyzing E. coli O157 survival in soils with three different textures. 

They discovered that E. coli O157 cells persisted for 32, 80, and 110 days in loamy sand, sandy 
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loam, and silty clay, respectively, indicating that soil structure and chemistry both contribute to 

and influence the viability of E. coli O157 cells.  

Further research performed by Ma and colleagues (2014) on the persistence of non-O157 

and O157 in agricultural soils found that O157 and non-O157 cells exhibited distinct patterns of 

persistence. Populations of E. coli O26, E. coli O103 and E. coli O157 cells showed fast initial 

reductions followed by a phase with a low rate of reduction in soil until the detection limits were 

reached on days 70, 95, and 55, respectively (Ma et al. 2014). In 2011, Bolton and colleagues 

demonstrated that the persistence of non-O157 strains varied based on the type of soil, as 

persistence in sandy-loam soils ranged from 50 to75 days while persistence in clay-loam soils 

ranged from 31 to 48 days. They also revealed that the longer persistence of non-O157 cells in 

the sandy-loam soil they tested was due to its higher concentrations of some minerals, including 

boron, cobalt, copper, potassium, manganese, phosphorus and zinc, compared with the levels in 

clay soils. In addition, the sandy-loam soil had a pH of 7.01 with a low magnesium level while 

the clay soil had a pH 5.02 with a slightly higher magnesium level, highlighting the effect of soil 

acidity on the survival of pathogenic (Bolton et al. 2011). They also reported that E. coli O145 

and E. coli O26 cells could survive up to 75 and 66 days, respectively, in sandy soils. It can be 

concluded from these collective findings that bacterial survival ultimately depends on the strain 

and differences in soil structure, composition and chemistry (Bolton et al. 2011; Ma et al. 2011; 

Ma et al. 2014). As a result, specific combinations of strains and soil types can potentially lead to 

produce (fruits and vegetables) contamination, since several studies have shown that bacteria can 

persist in soil. Even under dry, acidic conditions, E. coli O157 could survive between 60 and 120 

days in soil and water (Ibekwe et al. 2011).  

Other factors affecting the survival of pathogens in soil include temperature and moisture 

(van Elsas et al. 2011; Warriner et al. 2009). The presence of STEC in twenty farms across 

Ireland was investigated over a one-year period by Bolton and colleagues (2011), and their 

results showed that 27% of the samples were positive for STEC with distinct seasonal effects. 

The average detection rates were 51%, 32.5%, 31%, and 22% in the spring, summer, autumn, 

and winter, respectively, showing the role of seasonal temperature changes on STEC survival. 

Cools and colleagues (2001) investigated the role of moisture in pathogen persistence and found 

that E. coli could persist in soil with high moisture content for over 80 days. These results 
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illustrate how water irrigation may potentially enhance the interaction between the pathogen and 

the soil by enhancing the moisture content. Irrigation practice may also influence the survival 

and fitness of bacteria. Solomon and colleagues (2002) stated that spray irrigation containing E. 

coli O157:H7 resulted in greater E. coli O157:H7 contamination than did surface irrigation 

containing E. coli O157:H7. 

Another important factor for the maintenance and survival of bacteria in challenging 

environments is that they have developed mechanisms and strategies to cope with various 

conditions. Such mechanisms include biofilm formation and possible loss of virulence factors 

(Duriez et al. 2008; Ravva et al. 2014; van Elsas et al. 2011), genetic variants produced via 

adaptive mutations, genome rearrangements, or gene acquisitions that might confer enhanced 

fitness to a STEC subpopulation in a particular environment  (Brzuszkiewicz et al. 2009; Carter 

et al. 2012; Wisniewski-Dye and Vial 2008). Similarly, epigenetic regulation or stochastic gene 

expression changes can result in phenotypic variation (Avery 2006) that increases survival under 

stressful conditions or allows the cells to rapidly adapt to new environments (Davidson and 

Surette 2008). Another strategy associated with enhanced survival and stress resistance in 

bacteria is their ability to enter a persister state in which the cells exhibit high tolerance to 

antibiotics and other environmental stresses, including nutrient depletion and oxidative stress, 

compared with the tolerance level of the regular population (Ayrapetyan et al. 2018; Keren et al. 

2004b; Wu et al. 2012) 

Research has shown that when STEC are introduced into manure-amended soil, the 

majority of the cells die rapidly while a small subpopulation dies much slower, becoming 

persistent (Wang et al. 2018a). There is limited understanding of how the persistent 

subpopulation survives, its behavior in the environment, and whether or not persistent cells 

proliferate or remain permanently dormant. Therefore, we studied the survival of subpopulations 

in soil microcosms under control conditions that mirror the natural environment and the 

behaviors of subpopulation in the presence of metabolic triggers extracted from agricultural 

environments. The work described here enhances our understanding STEC persistence in the 

environment and provides an assessment relevant to ensuring the safety of fresh produce. Taken 

together, these findings could lead to more stringent guidelines for agricultural processing and 

crop harvesting.    
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1.2.6. Persistence of Shiga toxin-producing E. coli  

Despite the variation between studies on STEC survival in the environment, these studies 

have consistently demonstrated a distinctive survival curve for STEC reminiscent of the biphasic 

killing curve of planktonic bacterial cultures exposed to antibiotics. This survival curve is 

characterized by fast initial reductions followed by a continuous low rate of death in a persistent 

population until they reach an undetectable level. The cells in the remaining persistent population 

are referred to as persister cells and are thought to be a potential source of infection (Kell et al. 

2015; Shah et al. 2006). These properties indicate that cells with different phenotypes coexist 

within the population, each of which uses different survival strategies to escape from or survive 

in harsh and limited nutritional environments. In addition, compared with bacteria grown in 

stable laboratory environments, bacteria in nature generally have different metabolic programs 

and fitness mechanisms that allow them to adapt and survive under fluctuating environmental 

conditions (Kaprelyants et al. 1993).  

In fact, bacteria tend to spend most of their life (ranging from several days to years) in a 

state of limited metabolic activity with little or no cell division, although they remain ready to 

divide when better growth conditions become available (Bergkessel et al. 2016). This evidence 

clearly indicates that a subpopulation of bacteria enters a persister state in nature to help the cells 

survive for long periods of time without multiplication and growth. For example, entering the 

persister state allows subpopulations of bacteria to survive under conditions in which the nutrient 

source has been depleted or exhausted (Kell et al. 2015; Lennon and Jones 2011). In turn, this 

subpopulation can revert to a non-persister state when the stress is alleviated and optimal 

conditions are restored, i.e., reintroduction of useable energy and nutrient sources. Indeed, such 

environmental shifts allow the persister cells to grow and proliferate, thereby resuming their 

normal activities (Dworkin and Shah 2010; Kell et al. 2015).  

1.3. Bacterial persistence 

1.3.1. History of bacterial persistence  

The phenomenon of persister cells was first characterized in Staphylococcus pyogenes 

(aureus) when Hobby and colleagues (1942) discovered that penicillin could destroy 99% of the 

target bacteria. Two years after this discovery, Bigger treated Staphylococcus aureus with 
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penicillin and found that one in a million S. aureus cells survived the penicillin exposure and 

referred to the survival cells as persisters (Bigger 1944). Furthermore, Bigger found that when 

the population of surviving bacteria was grown again and exposed to antibiotic, the same 

percentage of bacterial cells survived (Bigger 1944). Prior to this discovery, scientists had 

assumed that planktonic bacterial cultures contained homogeneous populations (Kell et al. 2015). 

The evolution and availability of tools to investigate bacterial cell physiology confirmed that 

bacterial phenotypes do indeed vary within the same population (Yamamoto et al. 2018). 

Interestingly, Xu and colleagues (1982) discovered an additional bacterial phenotype called 

“viable but non-culturable” (VBNC). They found that when E. coli was exposed to stressful 

conditions (5–25% NaC1) for two weeks, the culture-based method, i.e., plate counting and most 

probable number (MPN) determination, revealed a rapid decline in the total bacterial count, 

while direct fluorescent microscopic examination showed that the total number of cells remained 

unchanged, indicating that a subpopulation remained viable but unable to grow on the provided 

medium (Xu et al. 1982).  

Prior to this discovery, experimental microbiology was based on the observation of viable 

cells that could be cultured and recovered on standard growth medium, thus reflecting the same 

principles proposed by Robert Koch more than 150 years ago. Therefore, cells were considered 

dead when they were no longer culturable (Xu et al. 1982). With the evolution of molecular 

techniques, loss of colony formation on solid media no longer exclusively indicates cell death 

(Ayrapetyan et al. 2015). Molecular analyses have revealed that non-culturable cells retain some 

level of metabolic activity, distinguishing them from dead cells, which have no level of 

metabolic activity (Dworkin and Shah 2010; Kell et al. 2015; Zhao et al. 2013). Furthermore, 

VBNC cells can retain their culturability and form colonies on medium when revived while dead 

cells cannot. It has been verified that over 100 bacterial species can enter a VBNC state, although 

not all of them have been successfully revived (Ayrapetyan et al. 2018). It has been suggested 

that approximately one percent of the cells in a bacterial culture are in a persister state, thus 

representing a small subpopulation (Shah et al. 2006). A lower number of persister cells are 

present in exponential phase cultures compared with their abundance in stationary phase 

cultures. In addition, in cultures exposed to lethal or toxic conditions, 1 in 105 to 106 of wild type 

E. coli cells have been found to be persisters, thus also comprising a small fraction of the total 

population (Kussell et al. 2005).  
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There has always been controversy whether the persister and VBNC states are distinct 

phenomena, despite their common state of bacterial dormancy induced stochastically and/or by 

environmental signals (Ayrapetyan et al. 2018). For these reasons, persister cells are generally 

described as viable cells with decreased metabolic activity (e.g., reduced respiration, limited 

nutrient transport, or reduced macromolecular synthesis), and while they are unable to divide or 

form colonies on agar plates in the presence of antibiotic, these cells can survive in the 

environment for prolonged periods of time and can tolerate antibiotics and decontamination 

treatments (Dworkin and Shah 2010; Kaprelyants et al. 1993; Oliver 2005; Wood et al. 2013).  

1.3.2. Persister cells versus VBNC cells 

Both persister and VBNC cells exist in a state of dormancy whereby the cells have been 

induced to enter a non-growing state of hibernation. It is believed that the degree to which cells 

are induced to enter the persister or VBNC state generally depends on the level and duration of 

the relevant stress exposure (Ayrapetyan et al. 2018). VBNC has recently been argued to 

represent a deeper state of dormancy (Wood et al. 2019). However, Lennon and Jones (2011) 

have classified bacterial dormancy into three distinctive stages: initiation, resting, and revival.  

1.3.2.1. Initiation stage 

During the initiation stage, the bacteria enter a persister state due to changes in 

environmental conditions, e.g., temperature (Reissbrodt et al. 2002), osmotic pressure (Pinto et 

al. 2011), oxygen concentration (Downing et al. 2005), or pH level (Chaveerach et al. 2003) 

outside the optimal growth conditions. Entry into the initiation stage can also be triggered by 

nutrient starvation, which is a very common cause of dormancy in microorganisms, especially in 

the natural environment (Carvalho et al. 2018; Fakruddin et al. 2013). Moreover, commonly used 

decontamination methods, e.g., chlorination (Lin et al. 2017), high pressure CO2 treatment (Zhao 

et al. 2013), and antibiotic treatment (Kwan et al. 2013), have been found to induce persistence 

in bacteria.  

1.3.2.2. Resting stage 

Following initiation, microorganisms undergo a period of rest. In this stage, cells respond 

to unfavorable conditions by altering their metabolic activities and occasionally via phenotypic 

or structural changes. Such phenotypic changes include reductions in cell size, modulation of the 
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concentrations of nucleic acids, lipids, fatty acids, and proteins, increases in the concentrations of 

storage compounds required for survival, and changes in general stoichiometry. Signoretto and 

colleagues (2002) measured the size of E.coli cells over time during incubation at 4 °C in a 

microcosm containing lake water. The researchers found that the number of recovered E. coli 

cells decreased over time, and they noticed, interestingly, that the cell morphology and size were 

also altered. The cell morphology underwent a dramatic transformation from rods, to short rods, 

to cocci, with the cell length decreasing from 1.35, to 1.19, to 0.73 µm on days 0, 7, and 21, 

respectively (Signoretto et al. 2002). On day-21, no cells could be cultured, indicating that these 

cells were VBNC. By contrast, on day-7 the surviving fraction accounted for less than 1% of the 

total cells, which represent persister cells. A small change in the size of E.coli O157 cells has 

been observed when cells were induced to enter a VBNC state via high pressure CO2 treatment 

(Zhao et al. 2013). Compared with untreated exponential phase cells, the treated cells shifted in 

morphology from a rod shape to a curved rod shape with a relatively rough surface (Zhao et al. 

2013).  

Taken together, these results clearly indicate that upon exposure to stress and entry into a 

persister state, bacterial cells characteristically undergo changes in size (particularly reduction) 

and cell morphology. These changes can affect the interior structures of cells. It has been 

observed that persister cells, in comparison to non-persister cells, have a reduction in ribosome 

content (Zhao et al. 2013). Moreover, persister bacteria have been shown to have measurable 

enzymatic activity, albeit lower than that of non-persister parental cells. For instance, enzymatic 

activity assays have detected acid phosphatase, alkaline phosphatase, naphthol-AS-BI-

phosphohydrolase, beta-galactosidase, and leucine arylamidase, in growing E. coli O157:H7 

cells, while VBNC cells only showed activity from the first three enzymes(Zhao et al. 2013).  

1.3.2.3. Revival stage 

The length of the resting stage varies between bacterial strains and can range from days to 

several years; however, cells consistently enter the revival stage once favorable conditions and 

decreased stress allow further growth. Revival was reported for the first time in 1984 when 

Roszak and colleagues described the recovery of VBNC Salmonella cells. Revival of bacterial 

cells from dormancy involves complex cellular changes directed at managing oxidative stress, 
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regaining metabolic competence, and balancing toxin-antitoxin ratios as the cells exit from 

dormancy and regain their ability to form colonies on nutrient media (Ayrapetyan et al. 2018).       

It has also been argued that since persister cells undergo a resting stage, they must also 

undergo some type of revival (Wood et al. 2019). Figure 1. 5. presents the hypothesis of 

induction of persister and VBNC cells proposed by Ayrapetyan and coworkers (2018). The idea 

is that VBNC cells lose their ability to form colonies in standard culture-based methods but 

remain viable when observed microscopically with the aid of fluorescence metabolic stains 

(Ayrapetyan et al. 2018; Zhao et al. 2017). However, VBNC cells can also be revived upon 

removal of stresses with or without additional promoting factors.  

Conversely, persister cells can be only cultured following an extended lag phase 

(Ayrapetyan et al. 2018). There has always been a point of discussion surrounding revival, as it 

is difficult to prove that the culturable cells result from true revival of dormant cells in a VBNC 

population and not from regrowth of a small fraction of undetected or injured culturable cells 

(Bogosian et al. 2000; Oliver 2005). However, growing evidence supports the idea that bacterial 

cells can be induced into a VBNC state upon stress exposure, thus rendering them unculturable 

on standard media despite remaining viable with intact cell membranes. Exit from the VBNC 

state can be alleviated by removal of the stress and/or stimulation by triggers, such as pyruvate, 

cell extract, etc., thus restoring the cells’ ability to produce colonies on standard media. Table 1. 

2. provides documented examples of how Gram-negative cells can be induced to enter into and 

be revived out of the VBNC state.  
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Figure 1. 5. The induction of persister and VBNC cell hypothesis(copied from Ayrapetyan et al. 2018). 
Bacterial cells remain active in the absence of growth inhibition and can produce colonies on media. Once 
growth inhibitors, e.g., antibiotic or environmental stress, are introduced, the majority of cells rapidly die 
leaving only a small subpopulation of persister cells (i.e., persister and VBNC cells) that help the bacteria 
survive the stress conditions. Persister cells are an early stage of dormancy and can produce colonies on 
media upon stress removal. Under more stringent growth conditions, persister cells enter a deeper stage of 
dormancy called VBNC. VBNC cells cannot produce colonies on media unless the removal of the stress 
is accompanied by an initial revival step. It is very important to note that switching between the active, 
persister, and VBNC states can occur stochasticity as a strategy for bacterial survival. 
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Table 1. 2. Documented examples of inducing and reviving the VBNC state in Gram-negative bacteria. 

Target bacteria 
Conditions to induce 

VBNC 
Conditions to revive VBNC Main results References 

-Six strains of E. 
coli were used 
individually in 
this research.  
-Four were 
isolated from food 
products (Eco1, 
Eco2, Eco 3 and 
Eco6) and two 
were clinical 
isolates (Eco 8 
and Eco6).    

-Suspensions of 
bacterial cultures were 
inoculated in deionized 
water with varying 
osmolarity levels (NaCl) 
ranging from (0 to 9%) 
followed by incubation 
for up to 30 weeks at 
either room temperature 
or 4° C.   
 

-Immediately after confirmation 
of the VBNC state, different 
revival media were used to 
revive the VBNC cells prior to 
incubation at 37° C.  
- These media include TSB or 
M9 supplemented with a 
supernatant extract of a late 
exponential E. coli culture. TSB, 
M9 medium, and M9 
supplemented with 40 µg/mL of 
specific amino acids were used 
as revival media. 

-All strains were successfully induced into 
a VBNC state, although the NaCl 
concentration and incubation temperature 
notably affected the time needed for 
bacteria to loss their culturability.  
-VBNC cells induced at 4 °C had to be 
revived using different media conditions, 
thus revival is strain dependent. 
-VBNC cells induced at room temperature 
could not be revived, suggesting that room 
temperature might accelerate the 
degradation process in bacterial cells. 

(Pinto et al. 
2011) 

-Vibrio vulnificus 
CMCP6, C7184, 
JDO1, and AH1  

-Artificial sea-water 
media was inoculated 
with bacterial 
suspensions and then 
incubated at 4 °C until 
the cells were unable to 
grow on heart infusion 
(HI) agar.  

-Once the VBNC state was 
induced, the cells were placed at 
20 °C and the quorum-sensing 
(QS) autoinducer AI-2 was 
added to a final concentration of 
0.25 µM prior to plating the 
cells in HI agar. 
-V. vulnificus cell-free 
supernatants (CFS) were also 
used to revive the VBNC cells.  

-The QS AI-2 and CFS significantly 
increased the culturability of the VBNC 
cells with an upshift of temperature from 4 
to 20 °C.  
-The addition of HI broth was not sufficient 
to restore culturability of the VBNC cells. 
-Addition of cinnamaldehyde (150 µM) (an 
inhibitor of QS) was shown to delay the 
revival of the VBNC cells by 40 h, 
providing indirect evidence of the role of 
QS in VBNC cell revival and supporting 
the application of AI-2 for this purpose. 

(Ayrapetyan 
et al. 2014) 

-Salmonellae 
enterica ATCC 
14028 and ATCC 
14028-1s 
-E. coli 
NCTC10418 and 
EDL933 

-Suspensions of 
bacterial cultures were 
inoculated in dH2O and 
incubated at room 
temperature for several 
months until the cells 

-Once the cells lost culturability, 
S. enterica and E. coli cells were 
inoculated into buffered peptone 
water (BPW) and phosphate-
buffered tryptic soy broth 
(pBTS), respectively, and 
incubated at 37 °C overnight.  

-Growth factors were proven to be effective 
for successfully resuscitating VBNC cells 
with the only exception of ferrioxamine E 
in the case of E. coli. These results suggest 
that S. enterica but not the E. coli strains 
tested could utilize ferrioxamine E to 
acquire iron from this siderophore. 

(Reissbrodt 
et al. 2002) 
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were unable to grow on 
solid media.  
-Bacterial cultures were 
exposed to heat shock 
until the cells lost their 
culturability.   

-When no culturable cells were 
observed, the thiohydroximate 
siderophore ferrioxamine E, 
antioxidant Oxyrase, or 
enterobacterial heat-stable AI 
growth factors were added at 50 
ng/mL, 0.2 U/mL or 1%, 
respectively. 

-Enterobacterial heat-stable AI was shown 
to be the most effective of the tested growth 
factors. 

-E. coli O157 
NCTC 12900 

-A suspension of E. coli 
was inoculated into 
0.85% NaCl solutions 
and treated with high 
pressure CO2 (HPCD) at 
5 MPa at different 
temperatures (25, 31, 
34, or 37 °C) for up to 
40 min until the cells 
were unable to grow on 
agar plates. 

-After VBNC induction, 
samples were cooled down to 4 
°C before revival.  
-VBNC cells were inoculated in 
fresh TSB medium and 
incubated for 6 or 24 h to induce 
revival.  

-The VBNC state was induced after 40, 30, 
28, and 25 min at 25, 31, 34, and 37 °C, 
respectively; therefore, the temperature 
during HPCD affects the time needed to 
induce the VBNC state. 
-VBNC cells were successfully revived 
(except VBNC cells that were obtained 
from the 37 °C treatment), suggesting that 
that this high temperature could induce CO2 
diffusion through the cell membranes 
resulting in a culturability loss. 

(Zhao et al. 
2013) 

-Ten strains of 
Campylobacter 
jejuni and C. coli 
isolated from 
chicken 

-Mueller-Hinton (MH) 
broth was acidified to a 
pH = 4 with formic acid 
before inoculation 
with bacterial cultures. 
Subsequently, the 
cultures were incubated 
at 37 °C under anaerobic 
conditions until the cells 
were no longer 
culturable on solid 
media.  

-Once the VBNC state was 
confirmed, the cultures were 
washed a few times and used to 
inoculate either rich liquid 
media or embryonated chicken 
eggs (amniotic and yolk) 
followed by incubation at 37 °C 
of 3 days.  

-Induction of the VBNC state was strain-
dependent, although a maximum of 2 h was 
required in the longest case.  
- Nutrient rich medium was insufficient to 
revert VBNC cells to their culturable state, 
while 4 of 10 Campylobacter strains were 
revived in embryonated chicken eggs. 
-Egg yolk supported the recovery of a far 
larger amount of VBNC cells when 
compared to the amniotic fluid, suggesting 
that the greater nutrient and growth factor 
content present in the yolk sac are crucial 
for revival.  
-Revival is highly dependent on the strains.   

(Chaveerach 
et al. 2003) 
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-E. coli K12 -LB broth was 
inoculated with an E. 
coli suspension followed 
by incubation at 4 °C 
until the VBNC state 
was induced.  

-VBNC cells were transferred to 
prewarmed diluted LB broth 
with/without pyruvate, LB broth 
with/without pyruvate, and M9 
with/without pyruvate prior to 
incubation at 37 °C for 5 h to 
assess culturability.   

-Induction of the VBNC state was observed 
after 120 days of incubation. 
-The addition of pyruvate at a final 
concentration of 2 mM resulted in a greater 
revival rate of the VBNC cells compared 
with the other conditions. M9 did not 
support revival of VBNC cells. 
-The presence of pyruvate in diluted LB 
medium significantly increased the number 
of revived cells, suggesting that the 
increased protein and DNA synthesis 
associated with pyruvate supplementation is 
crucial for reversion of the VBNC state. 

(Vilhena et 
al. 2019) 

-Vibrio cholerae 
(N16961) and 
(N16961) 

-Alkaline peptone water 
(APW) supplemented 
with artificial seawater 
was inoculated with V. 
cholerae suspension and 
incubated at 4 °C in the 
dark until no culturable 
cells remained.  

-VBNC cells were inoculated in 
APW with/without extracts of 
various eukaryotic cells (HT-29, 
T84, Caco-2 CHO, HeLa, and 
Intestine 407) followed by 
incubation at 37 °C for 16 h.  

- V. cholerae was induced into the VBNC 
state 11 weeks after incubation.   
-VBNC cells were revived when the APW 
was supplemented with 16.6% of any type 
of eukaryotic cell extract, although HT-29 
extract was the most successful in reverting 
VBNC state. 
-Thiosulfate citrate bile salt sucrose agar 
(TCBS) supplemented with 5% HT-29 cell 
extract significantly stimulated revival 
while TCBS without supplementation was 
insufficient. 
-VBNC V. cholerae cells isolated from 
environmental water samples were cultured 
on TCBS plates supplemented with 
eukaryotic cell extracts. The success of this 
approach suggests that there is a non-
dialyzable, proteinase K-sensitive, heat 
stable factor present in all eukaryotic cells 
extracts could promote reversion of  VBNC 
cells to their culturable state. 

(Senoh et al. 
2014) 
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1.3.3. Persistence versus resistance versus tolerance  

The emergence of pathogenic bacteria led to the serendipitous discovery of the first 

antibiotic by the English bacteriologist Alexander Fleming in 1928, a defining moment in the 

history of mankind that revolutionized medicine and saved countless lives (Ligon 2004). 

Antibiotics are compounds commonly used to treat bacterial infections, and they act by either by 

inhibiting bacterial growth (i.e., bacteriostatic antibiotics) or by killing the target bacteria (i.e., 

bactericidal antibiotics) (Walsh and Wencewicz 2016). Antibiotics may target one or multiple 

bacterial species and are denoted as narrow or broad-spectrum antibiotics, respectively; however, 

antibiotics are primarily classified according to their mode of action (Kapoor et al. 2017; Walsh 

and Wencewicz 2016).  

Cell wall synthesis inhibitors target and disrupt peptidoglycan formation, leading to 

bacterial lysis (e.g., penicillin, cephalosporin, among others). Other antibiotics disrupt the cell 

membrane, causing disintegration of the phospholipid bilayers and increased membrane 

permeability, which ultimately results in cell death (e.g., lipopeptides). Protein synthesis 

inhibitors bind the bacterial ribosomal 30S (e.g., aminoglycosides) or 50S (e.g., macrolides) 

subunits, thus inhibiting peptidyl transferase and preventing the transfer of amino acids from 

tRNAs to nascent polypeptide chains during protein synthesis (e.g., kanamycin). Nucleic acid 

synthesis inhibitors act by disrupting the supercoiling of DNA by binding to DNA gyrase (e.g., 

quinolones), or via direct interactions with DNA (e.g., metronidazole), or by inhibiting 

transcription by disrupting the action of RNA polymerase (e.g., rifamycin). Finally, 

antimetabolites, such as folic acid synthesis inhibitors or “sulfa drugs” (e.g., sulfonamides), 

include PABA analogues, which act as competitive antagonists to inhibit the formation of 

dihydropteroic acid (the precursor of folic acid), and mycolic acid synthesis inhibitors (e.g., 

isoniazid), all of which ultimately lead to metabolic dysfunction in the target bacteria (Kapoor et 

al. 2017; Walsh and Wencewicz 2016). Upon exposure to antibiotics, multiple bacterial 

subpopulations can emerge, each with different levels of resistance. Theses subpopulations are 

described as persistent, resistant, or tolerant, and these levels of resistance stem from the 

mechanism used by the bacteria deactivate or evade the antibiotic (Figure 1. 6).  

Persister cells are dormant, non-dividing cells that represent a small resistant subpopulation 

within a planktonic bacterial culture (Balaban et al. 2019; Keren et al. 2004b). As these cells are 
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dormant, the antibiotic targets might be inactive; thus, persister cells survive by virtue of their 

inactivity even when exposed to normally lethal dose of biocidal antibiotic. Importantly, persister 

cells survive antibiotic exposure without acquiring mutations that would typically confer 

resistance (Balaban et al. 2019; Keren et al. 2004b). Upon removal of the antibiotic stress, 

persister cells can resume normal growth and produce populations that are genetically identical 

to the original susceptible strain. 

Like persister cells, resistant cells can also survive biocidal antibiotic exposure; however, 

these cells can continue to multiply in the presence of the antibiotic, even at concentrations 

known to be toxic to the susceptible parent strain (Aslam et al. 2018; Brauner et al. 2016). 

Resistant lineages can survive antibiotic treatment via inherited mutations or via the acquisition 

of genes that (1) modify bacterial target receptors, (2) hydrolyze and inactivate antibiotics, or (3) 

overexpress antibiotic efflux pumps (Aslam et al. 2018; Blair et al. 2015). The eradication of 

resistant cells requires a higher antibiotic concentration than that required to eradicate susceptible 

strains. The susceptibility of a strain is defined by the lowest antibiotic concentration required to 

inhibit of bacterial growth, i.e., the minimum inhibitory concentration (MIC) (Brauner et al. 

2016). The MICs of various antibiotics against a target bacterium are commonly determined in 

hospital and laboratory settings to assess its antibiotic susceptibility (Wheat 2001). The MIC of a 

clinically resistant strain is therefore higher than those of susceptible strains, while persistent 

strains have similar MIC values to susceptible strains.  

Tolerance describes the ability of bacteria to survive transient exposure to biocidal 

antibiotics, even at concentrations that far exceed the MIC (Balaban et al. 2019; Kaldalu et al. 

2016a). Therefore, longer exposure periods, not higher antibiotic concentrations, are required to 

produce the same killing effect in susceptible strains. For this reason, both tolerant and persistent 

cells have the same MICs as the susceptible strain (Brauner et al. 2016).  

 

 

 

 



26 

 
Figure 1. 6. Illustration of the heterogeneous populations in a bacterial culture upon antibiotic exposure 
(copied from Kaldalu et al. 2016a with some modification). 

 

 

1.3.4. Types of persister cells  

Two types of persister cells, known as Type I and Type II, have been demonstrated in the  

high-persister hipA7 mutant strain of E. coli by Balaban and colleagues (2004). Type I persisters 

are generated from the passage through stationary phase, and the number of persisters generated 

depends on the population size that passes through stationary phase. Additionally, the number of 

Type I persisters does not increase during the growth phase. Type II persisters are formed using a 

mechanism called phenotype-switching. This process entails normal cells spontaneously 

becoming Type II persisters that can also revert back to a normal phenotype (Orman and 

Brynildsen 2015). The ability to switch between normal and a Type II persister state is unrelated 

to the cell being able to exit stationary phase. Moreover, microscopic single-cell studies have 

demonstrated this spontaneous phenotype-switching mechanism (Balaban et al. 2004).  

However, features of Type II persister cells have been debated by Kim and Wood (2017). 

These authors believe that isolated Type II persister cells should not grow in the presence of 

antibiotic, indicating that rather than persister cells, these cells likely have inherited resistance 

phenotypes due to exposure to numerous rounds of antibiotic treatment. Additional factors could 

play crucial roles in determining the size of persister cells fractions regardless of type, including 
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inoculum age and antibiotic selection. Luidalepp and colleagues (2011), demonstrated that the 

frequency of wild type E. coli persister cells was significantly higher when the inoculum age was 

18 h compared with that when the inoculum age was 4 h, indicating that using old stationary 

phase culture resulted in a higher number of persister cells. This large persister cell fraction was 

shown to be comparable to the fraction of persister cells obtained using a high persister E. coli 

strain (i.e., the hipA7 mutant) (Luidalepp et al. 2011). In addition, the researchers found that 

amikacin sanitized the entire population while ampicillin and norfloxacin left a fraction of 

surviving cells, reflecting the role of antibiotic choice in the outcomes of experiments with 

persister cells (Luidalepp et al. 2011).  

1.3.5. The underling mechanisms of bacterial persistence 

1.3.5.1. The roles of toxin-antitoxin modules in persister cell formation 

Persister cell formation in bacterial populations was found to be governed by genes 

encoding a toxin-antitoxin (TA) modules, which can help bacteria survive antibiotic treatment 

(Figure 1. 7) (Shah et al. 2006; Yamamoto et al. 2018). VBNC cell formation has also been 

shown to be regulated by a mechanism similar to that involved in persister cell formation 

(Ayrapetyan et al. 2018; Gupta et al. 2016). TA modules are genetic elements carried on 

plasmids or the chromosomes of many bacterial species, and they have been found to regulate 

different cellular processing such as translation, DNA replication, cell-wall synthesis, 

cytoskeleton formation, and ATP synthesis (Unterholzner et al. 2013; Vazquez-Laslop et al. 

2006). TA modules encode a functional toxin, usually a protein, and its corresponding antitoxin, 

which can be either a protein or a non-coding RNA (Unterholzner et al. 2013).  

Five types of TA modules have been classified based on their genetic structures and their 

regulatory systems (Unterholzner et al. 2013; Wood et al. 2013). Type-I TA modules contain a 

small non-coding RNA antitoxin that binds the toxin mRNA preventing its translation (sRNA-

mRNA binding). In Type-II TA modules, both the toxin and antitoxin are proteins, and toxin 

inhibition occurs via direct binding of the antitoxin protein (protein-protein binding). In Type-III 

TA modules, the antitoxin RNA directly binds to the toxin protein, thereby inhibiting its activity 

(sRAN-protein). In Type-IV TA modules, both the toxin and antitoxin proteins are expressed. 

The antitoxin blocks the activity of the toxin by binding to target receptors in the toxin (protein 
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receptor-protein). In Type-V TA modules, the antitoxin cleaves the toxin mRNA to inhibit its 

production (mRNA-protein) (Unterholzner et al. 2013; Wood et al. 2013).  

 Type-II TA modules have been shown to play a key role in modulating persister cell 

formation, and more than 90 Type-II TA modules have been found in bacterial genomes 

(Goormaghtigh et al. 2018; Kang et al. 2018). Regardless of the TA module type, antitoxin 

degradation occurs under specific growth or stress conditions encountered within bacterial 

environments, thus inducing induces toxin activities. The toxins then interfere with cellular 

functions, e.g., DNA replication, mRNA cleavage, or translation, resulting in shutdown of 

cellular function, consequently preventing antibiotics from affecting their targets and inducing 

persister cell formation (Keren et al. 2004b; Unterholzner et al. 2013; Wood et al. 2013). The 

mechanisms of persister cell formation have remained elusive, although TA modules are 

suspected to be involved (Keren et al. 2004b; Leszczynska et al. 2013).  

Type-II TA modules have been shown to be most commonly associated with persister cell 

formation (Kang et al. 2018). One of the most recognized type-II TA modules is hipA-hipB, 

which was the first TA module to be associated with the persister phenomenon (Moyed and 

Bertrand 1983). The hipA and hipB genes have been shown to be responsible for an increase in 

persistence in E. coli K-12. The hipA gene encodes a very stable toxin, whereas hipB encodes an 

unstable antitoxin, and both genes are located in the hip operon. hipA binds tightly to hipB 

creating the non-toxic, stable complex HipBA. However, both HipB (and possibly HipA via an 

indirect mechanism) can repress the transcriptional activity of the hip operon when they bind to 

the DNA (Black et al. 1994; Lou et al. 2008). Moreover, it has been found that hipA 

overexpression in E. coli results in a sharp increase in persister cell formation in planktonic 

cultures due to its effects  on cell propagation via inhibition of DNA or peptidoglycan synthesis, 

suggesting that this system modulates persister formation (Lou et al. 2008; Vazquez-Laslop et al. 

2006). Rotem and colleagues found that deletion of the hipB antitoxin gene in the presence of 

hipA overexpression in E. coli stimulated cells to enter the VBNC state, in which the cells cannot 

form colonies on media (Rotem et al. 2010). The role of hipA in persister cell formation has been 

linked to its toxicity as well as to its direct and indirect regulatory effects on the expression of 

other proteins (Lou et al. 2008; Vazquez-Laslop et al. 2006).  
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The relE-relB Type-II TA module has also been linked to persister cell formation as the 

RelE toxin promotes persister cell formation by inhibiting translation (Keren et al. 2004b). In 

fact, overexpression of the HipA or RelE toxins can increase the level of E. coli persister cells by 

nearly 10,000-fold (Keren et al. 2004b; Moyed and Bertrand 1983). However, Luidalepp and 

colleagues (2011) discovered a hipA mutant that stimulated persister cell formation only when 

inoculates derived from early stationary phase cultures were used (in contrast to wild type 

E.coli), highlighting the role of inoculum age in persister cell formation.  

Type-II TA module, such as mazF-mazE, mqsR-mqsA, and VapB-vapC, have also been 

linked to persister cell formation (Demidenok et al. 2014; Kim and Wood 2010; Lennon and 

Jones 2011). Both the MazF and RelE toxins cleave ribosome-bound mRNA to induce 

production of the universal signaling alarmone guanosine tetraphosphate (ppGpp) (Lou et al. 

2008). It has been observed that overexpression of the MqsR toxin increases the persistent cell 

level in E. coli by 10,000- to 100,000-fold when cells are challenged with ofloxacin or 

cefotaxime (Kim and Wood 2010). The VapB-vapC TA system has been shown to trigger 

persister cell formation. Whereas overexpression of the VapC toxin converted cells into the 

VBNC state, overexpression of the VapB antitoxin blocked the transition to VBNC (Demidenok 

et al. 2014). In addition, the MParE2-MParD2 Type-II TA module was found to be involved in 

dormant cell formation. Overexpression of the MParE2 toxin has been shown to decrease the 

culturability of Mycobacterium tuberculosis and E. coli in media even though the cells remain 

viable as observed microscopically with the aid of live-dead staining; these observations suggest 

that MParE2 inhibits DNA gyrase to stimulate cells to enter the VBNC state (Gupta et al. 2016). 

The tisB-tisA Type-I TA module has also been shown to be involved in persister cell 

formation. Overexpression of the TisB toxin in exponential phase cultures decreases the proton 

motive force and ATP level, resulting in a multi-drug tolerance phenotype (Dorr et al. 2010). 

However, TA modules are not the only inducers of persister cell formation (Wood et al. 

2013). Matsumoto and colleagues exposed non-dividing E. coli cells to 5 µg/mL ofloxacin for 3 

h. Gene expression profiling revealed that the TA module was not upregulated in a culture of 

non-dividing persister cells, suggesting that there may be other mechanisms or genes, in addition 

to TA modules, involved in persister cell formation (Matsumoto et al. 2018). TA operon 
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knockouts were not sufficient to completely prevent persister cell formation in a planktonic 

bacterial culture, further suggesting that other genes may contribute to persister cell formation. 

Such genes might include additional TA modules or other unrelated genes expressed under stress 

conditions (Dorr et al. 2010; Keren et al. 2004b).  

For instance, Keren and colleagues (2004b) examined the effects of deleting the  hipA-

hipB, mazF-mazE, or relE-relB TA modules on persister cell formation in exponential and 

stationary phase E. coli cultures. They observed that knockout mutants for any of these TA 

modules had either minor or no differences in persister cell development in planktonic cultures 

when compared with their isogenic parental strains (Keren et al. 2004b). A few years later, the 

same effect was observed in a mqsR-mqsA TA module mutant E. coli strain, which showed 

reduced, but not fully eliminated,  persister cell formation (Kim and Wood 2010). In 2018, 

Goormaghtigh and colleagues examined the effects of deleting 10 Type-II TA modules on 

persister formation in the presence of ampicillin and ofloxacin. They found that deletion of 10 

TA modules did not affect persister cell formation when compared with the wild-type strain, 

suggesting that these TA modules do not support persister formation (Goormaghtigh et al. 2018).  

To conclude, TA modules could play a role in persister cell formation; however, a 

comprehensive perspective is lacking as analyses of the relationships between persistence and 

TA modules are challenging due to the diversity and complexity of TA modules and their 

expression patterns in bacteria. The majority of studies have been conducted on Type-II TA 

modules, thus leaving a gap in our understanding of how the other types of TA systems might 

affect bacterial persistence. This trend is because Type-II TA modules are the most abundant 

among pathogenic bacteria (Kang et al. 2018). In addition, the methods used to evaluate the 

relationships vary between labs, leading to controversy whether TAs actually play a role or not. 

Finally, some studies (e.g., (Maisonneuve et al. 2013; Maisonneuve et al. 2011) on the roles of 

TA modules have been retracted due to contamination of mutant strains.  
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 Figure 1. 7. Mechanism of persister cell formation by toxin-antitoxin modules. During normal cell 
growth, the toxin binds to the antitoxin to form a non-toxic stable TA complex. Stress induction leads to 
antitoxin degradation, thereby increasing toxin activity. Consequently, the toxin can inhibit cellular 
functions, sometimes triggering persister cell formation (Ayrapetyan et al. 2018; Gupta et al. 2016).  

 

1.3.5.2. The role of ppGpp in persister cell formation 

PpGpp is a universal signaling molecule involved in regulating growth and stress responses 

in bacteria. This response in comprised of two related alarmone nucleotide guanosine species: 

tetraphosphate and pentaphosphate (henceforth ppGpp) (Ayrapetyan et al. 2015; Wood and Song 

2020). Cellular ppGpp levels are regulated by proteins encoded by the relA and spoT genes 

(Murray and Bremer 1996). Cellular accumulation of ppGpp triggers a significant reduction in 

high energy processes such as protein synthesis (Hamel and Cashel 1973), therefore potentiating 

the transition into a persister state. This ppGpp-mediated response is referred to as the stringent 

response, and it occurs in response to stress-inducing conditions such as iron, amino acid, and 

carbon starvation (Ayrapetyan et al. 2015; Matsumoto et al. 2018). The production of ppGpp has 

been shown to be increased by the RelA protein in a VBNC population of Vibrio cholerae 

(Mishra et al. 2012). It is also known that ppGpp plays a key role in persister cell formation in E. 

coli, but the mechanisms have not been elucidated (Svenningsen et al. 2019). The relA gene is 

also upregulated when E. coli cells are induced into a non-dividing “persistent state” (Matsumoto 

et al. 2018). Furthermore, ppGpp is known to regulate basal rpoS expression (Hirsch and Elliott 

2002). RpoS is a sigma factor known to mediate the stress response in E. coli (Battesti et al. 
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2011). Elevated ppGpp levels are associated with increased RpoS protein levels (Matsumoto et 

al. 2018). Taken together, these data suggest that ppGpp and RpoS are inducers of the persister 

state (Zhao et al. 2017). 

As the intercellular ppGpp level increases, the exopolyphosphatase enzymes are 

inactivated, causing an increase in polyphosphate level (Figure 1. 8) (Ayrapetyan et al. 2018). 

Polyphosphate then activates the Lon protease enzyme. Lon protease mediates the activation of 

TA modules that can directly promote survival or eventually lead to cell death in response to 

stimuli (Ayrapetyan et al. 2018; Muthuramalingam et al. 2016). By degrading antitoxins, Lon 

protease directly alters the toxin-antitoxin balance, thus increasing exposure to toxins; therefore, 

cellular exposure to toxins is partly determined by the levels of Lon protease and ppGpp. 

Moreover, other ATP-dependent proteases, e.g., ClpXP and ClpAP, are also responsible for 

degrading antitoxin proteins (Goormaghtigh et al. 2018). The free toxins can then inhibit DNA 

replication or protein synthesis, leading to growth arrest and ultimately persister cell formation 

(Ayrapetyan et al. 2015; Yamamoto et al. 2018). 

The exact mechanism underlying the relationship between ppGpp and TA modules in 

persister cells remains unclear, and there is conflicting evidence on the precise roles of ppGpp. 

For example, polyphosphate has been revealed by Osbourne and colleagues (2014) to inactivate, 

rather than activate, Lon protease, consequently preventing antitoxin degradation by Lon (Wood 

et al. 2019).  
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Figure 1. 8. Mechanism of persister cell formation by ppGpp via TA systems (copied from Ayrapetyan et 
al. 2018). The induction of stress leads to ppGpp production by RelA/SpoT. PpGpp inactivates 
exopolyphosphatase (PPK) thereby increasing polyphosphate levels. Polyphosphate then activates the 
Lon/Clp enzymes. Lon/Clp mediates the activation of TA modules, which leads to persister cell formation 
(Ayrapetyan et al. 2018).    

 

1.3.5.3. The role of ribosomes in persister cell formation 

In 2020, Woods and Song suggested that ppGpp could induce persister cell development 

by activating a stress response via the reduction of ribosome activity, not via a TA module. In 

this model, which they named the ppGpp ribosome dimerization persister (PRDP) model (Figure 

1. 9), the induction of a stress response leads to the formation of ppGpp by RelA/SpoT (Murray 

and Bremer 1996), and a glucose deficiency induces the generation of cyclic adenosine 

monophosphate (cAMP) by phosphorylated enzyme II A (EIIA-P)/CyaA (Bettenbrock et al. 

2006). However, ppGpp and cAMP production induce the expression of the ribosome-associated 

inhibitor A (raiA) and the ribosome modulation factor (rmf), while ppGpp stimulates expression 

of the hibernation-promoting factor (hpf). RaiA production leads to inactivation of active 70S 

ribosomes (Song and Wood 2020b; Wood and Song 2020). Subsequently, 70S ribosomes are 
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converted into inactive 90S ribosomes by RMF, and the inactive 90S ribosomes are converted 

into inactive 100S ribosomes by HPF. Furthermore, ppGpp binds and inactivates HflX while 

cAMP-CRP represses hflX expression (Song and Wood 2020b). This process leading to cell 

persistence is reverted once the stress is removed and nutrients are provided to trigger 

unphosphorylated EIIA to reduce cAMP, which in turn induces HflX production, which then 

converts inactive 100S ribosomes into active 70S ribosomes to support renewed cell growth 

(Song and Wood 2020b; Wood and Song 2020).   

 

 

 
Figure 1. 9. The ppGpp ribosome dimerization persister (PRDP) model (copied from Wood and Song 
2020). Stress induction leads to ppGpp formation by RelA/SpoT, and a glucose deficiency induces cAMP 
production by EllA-P/CyaA in E. coli. PpGpp and cAMP induce raiA and rmf, while ppGpp stimulates 
hpf. RaiA deactivates 70S ribosomes, which in turn are converted into inactive 90S ribosomes by RMF. 
Inactive 90S ribosomes are then converted into inactive 100S ribosomes by HPF. Furthermore, ppGpp 
binds and inactivates HflX while cAMP inhibits hflX. This process results in the induction of a persister 
state in the cell. However, once the stress is removed and nutrients are provided, unphosphorylated EIIA 
reduces cAMP, which induces HflX production. HflX converts inactive 100S ribosomes into active 70S 
ribosomes to allow resumption of cell growth (Wood and Song 2020).   
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1.3.6. Factors that modulate persister cell formation 

It is believed that bacteria enter into the persister state in response to stress exposure rather 

than as “a bet-hedging (stochastic) process” (Wood and Song 2020). Therefore, previous 

research has investigated the chemical modulators of persister cell formation to better understand 

the signals that increase or decrease the proportion of persisters in a population. A summary of 

the current research and methods used to assess the roles of potential modulators of persister cell 

formation is provided in Table 1. 3. 

1.3.6.1. Reducing persister cell formation  

Environmental signals are known to contribute to persister cell formation. For example, in 

E. coli and P. aeruginosa, the fatty acid signaling molecule cis-2-decenoic acid (cis-DA) 

represses persister cell formation and reverts persister cells to a metabolically active state, 

thereby increasing the antibiotic susceptibility of these cells (Marques et al. 2014). Additionally, 

cis-DA is also known to reverse the persister state by increasing cellular respiration and the 

transcription and translation of metabolic markers such as acpP, 16S rRNA, atpH, and ppx. 

Consequently, persister cells become active (i.e., return to active growth state) thus becoming 

more susceptible to antimicrobials (Marques et al. 2014). Other fatty acid compounds were also 

investigated by Wang and colleagues (2018b). Their data demonstrated that a combination of a 

fatty acid (e.g., ethyl trans-2-decenoate, ethyl trans-2-octenoate, or ethyl cis-4-decenoate) with 

either ampicillin or ciprofloxacin reduced the level of persister cells in a population up to 110-

fold. Downstream RNA-seq analysis and further phenotypic experiments by these authors 

indicated that persister cell formation was significantly repressed via the antitoxin HipB (Wang 

et al. 2018b). However, this outcome could be more of an effect of inactivating tolerant cells 

rather than persisters, as many studies have likely analyzed tolerant cells rather than persister 

cells. 

The presence of metabolic stimuli such as mannitol, glucose, fructose, and pyruvate has 

been shown to reduce the level of persister cells in E. coli populations, although these effects 

were found to be specific to gentamicin, and these stimuli could not reduce persister cell 

formation during ofloxacin or ampicillin treatment (Allison et al. 2011). Allison and colleagues 

(2011) revealed that inclusion of these metabolic stimuli increases the rate at which proton-
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motive force can be generated, thus increasing the effectiveness of aminoglycosides against 

persister cells rather than regulating the appearance of persistence itself. Understanding the 

factors that revert persister cells back to an actively growing population is essential to increase 

the effectiveness of antibiotic treatment and to inform interventional processes (e.g., in food 

safety), in addition to advancing the development of a novel persister cell detection method 

based on increasing their culturability.  

1.3.6.2. Inducing persister cell formation  

By contrast, treating bacterial cultures with carbonyl cyanide m-chlorophenylhydrazine 

(CCCP) has been found to induce persister cell formation (Kwan et al. 2013; Yamamoto et al. 

2018). CCCP is an uncoupling agent of oxidative phosphorylation that disrupts ATP synthesis. 

Consequently, CCCP addition collapses proton motive force PMF formation, thus inhibiting 

protein translation and inducing persister cell formation (Kwan et al. 2013; Yamamoto et al. 

2018). In addition to CCCP, Kwan and colleagues (2013) demonstrated that pre-treatment of 

bacterial cultures with either rifampicin or tetracycline induced persister cell formation in E. coli. 

Rifampicin inhibits protein synthesis by stopping transcription while tetracycline inhibits protein 

synthesis by stopping translation (Kwan et al. 2013). Therefore, defects in protein synthesis lead 

to persister cell formation.  

Moreover, Wu and colleagues (2012) have revealed that exposure of bacterial cultures to 

paraquat (a common herbicide) prior to persister cell selection via antibiotic treatment resulted in 

increased level of persister cell formation, although this effect was antibiotic dependent. It was 

suggested that paraquat disrupts the PMF to induce metabolic decoupling that leads to an 

oxidative burst that stimulates persister cell formation (Wu et al. 2012).  

Furthermore, Leszczynska and collogues (2013) have revealed a role for osmotic stress in 

modulating persister cell formation. These researchers found that addition of osmolytes, such as 

trehalose, betaine, glycerol or glucose, in the presence of antibiotic increases the level of 

persister cell formation (Leszczynska et al. 2013). These osmolytes cause increased protein 

aggregation in the cytoplasm that disrupts cellular functions, ultimately increasing the number of 

persister cells in the population (Leszczynska et al. 2013).  
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The quorum sensing-related volatile molecule 2-amino acetophenone (2-AA) has also been 

shown to facilitate persister cell formation (Que et al. 2013). Inclusion of 2-AA in the growth 

medium has been shown to increase persister cell formation, as 2-AA seems to cause a 

transcriptional downregulation of genes involved in the protein translational capacity of the cell, 

thereby increasing persister cell formation (Que et al. 2013).  

Anther quorum sensing molecule, indole, has also been shown to modulate persister cell 

formation in E. coli. Pre-treatment with indole prior to antibiotic exposure has been shown to 

increase persister cell formation (Vega et al. 2012). Indole has also been shown to induce the 

expresion of oxidative stress and efflux pump proteins within the bacterial population, thus 

promoting the transition to a persister state (Kuczynska-Wisnik et al. 2015; Vega et al. 2012). By 

contrast, Kwan et al. (2015) and Lee et al. (2016) demonstrated that indole decreases persister 

cell formation. Further work of the role of indole on persister cell formation is discussed below.  
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Table 1. 3. Summary of the effects of various chemical agents on modulating persister cell formation. 

Influencer Function Target bacteria Methods and Results References 

cis-2-decenoic acid 
(cis-DA) 

Increased 
susceptibility 
of planktonic 
cells to 
antibiotic  

E. coli  
P. aeruginosa  

- Overnight bacterial cultures were diluted to 1% in Luria 
Bertani broth (LB) and incubated for 24 h at 37 °C before 
being washed twice with saline. The cell pellet was 
resuspended in either saline, saline + ciprofloxacin (20 
µg/ml), or saline + ciprofloxacin (20 µg/ml) + cis-DA (310 
nM cis-DA for E. coli or 100 nM cis-DA for P. 
aeruginosa) to a final OD600 = 0.8 before incubation at 37 
°C for up to 24 h. 

- The inclusion of cis-DA with ciprofloxacin significantly 
decreased the numbers of planktonic persister cells for both 
species when compared to treatment with ciprofloxacin 
without f cis-DA, indicating that cis-DA alters the 
physiological status of the persister population.   

(Marques et al. 
2014) 

Mannitol 
Glucose  
Fructose  
Pyruvate 

Specific effect 
in combination 
with 
aminoglyco-
sides   

E. coli (K-12 
EMG2) 

- An overnight culture of E. coli was diluted to 1:1,000 in LB 
medium and incubated for 16 h at 37 °C before the addition 
of ofloxacin to a final concentration of 5 µg/ml. The culture 
was exposed to ofloxacin for 4 h at 37 °C before washing 
twice with PBS. The cell pellet was resuspended in M9 
supplemented with/without a single metabolite nutrient 
(glucose, mannitol, fructose, pyruvate, etc.) and a single 
bactericidal antibiotic (gentamicin, ofloxacin or 
ampicillin). Persister cells were incubated at 37 °C for at 
least 2 h. 

- The inclusion of glucose, mannitol, fructose, and pyruvate 
with gentamicin significantly reduced persister viability by 
three orders of magnitude by increasing a proton-motive 
force that facilitates gentamicin uptake.  

- Persister cells were not eradicated by ofloxacin or 
ampicillin in the absence or presence of metabolic stimuli, 
indicating that the inclusion of metabolic stimuli can 
induce metabolism and generate a proton-motive force that 
increases the effectiveness of aminoglycosides against 

(Allison et al. 
2011) 
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persister cells rather than regulating the appearance of 
persistence. 

Carbonyl Cyanide 
m-
chlorophenylhydraz
one (CCCP) 

Inducer E. coli K-12 - A diluted overnight culture of E coli was used to inoculate 
LB medium or LB supplemented with the uncoupler agent 
CCCP to a final concentration of 20 μM. The culture was 
incubated at 37 °C for 3 h until exponential phase. The 
exponential phase cells were exposed to ofloxacin at a final 
concentration of 5 μg/mL. The persister fraction were 
determined 3 h after incubation at 37 °C.  

- The addition of CCCP (an PMF inhibitor) to the medium 
prior to the antibiotic treatment dramatically increased the 
persister fraction in E. coli cultures compared with the 
effect in medium without CCCP. 

(Yamamoto et 
al. 2018) 

2’-amino 
acetophenone (2-
AA) 

Inducer Acinetobacter 
baumannii  
Burkholderia 
thailandensis 

- A diluted (1:100) overnight bacterial culture was used to 
inoculate LB medium in the absence or presence of 2-AA. 
Subsequently, the culture was grown at 37 °C to an OD600 = 
2.00. Meropenem (10 μg/ml) was added and incubation 
continued for 24 h before proceeding to the measurement 
of the fraction of persister cells. 

-  The inclusion of 2-AA in the medium increased the 
persister fraction for both A. baumannii and B. 
thailandensis when compared with the effect of the same 
medium without 2-AA, indicating that 2-AA is involved in 
the transcriptional downregulation of multiple genes 
involved in the translational capacity of the cell. 

(Que et al. 
2013) 

Paraquat (PQ) Inducer E. coli K-12 - LB broth was inoculated with a diluted (1:100) overnight 
culture and incubated at 37 °C to an OD600 = 0.1. The 
culture was either treated with PQ (0.8 mM) or left 
untreated and incubated for 30 min before challenging the 
culture with either ofloxacin (1 µg/mL), norfloxacin (1 
µg/mL), ciprofloxacin (0.15 µg/mL), ampicillin (50 
µg/mL), or kanamycin (50 µg/mL) and incubated for up to 
25 h before the levels of persister cells were determined.  

- The levels of persister cells increased strongly when the 
cultures were pretreated with PQ prior to addition of 
fluoroquinolone antibiotics. PQ induces oxidative stress in 

(Wu et al. 
2012) 



40 

the cells, inducing expression of multidrug resistance 
pumps, which extrude fluoroquinolones. 

- Ampicillin and kanamycin did not affect the level of 
persister cells.   

Osmolytes Inducer E. coli MC4100 - An overnight culture was diluted to an OD600 = 0.1 into 
fresh LB broth or LB broth supplemented with different 
concentrations of either acetate or osmolyte (trehalose, 
betaine, glycerol or glucose) in the presence of ampicillin 
(200 µg/mL) and incubated at 37 °C for 10 h before 
persister cell analysis. 

- The levels of persister cells generally depended on the 
concentrations of acetate or osmolyte whereas high levels 
of theses compound resulted in a higher level of persister 
cells compared with the levels in cultures grown in LB 
medium without supplementation. Supplementation of LB 
with either 0.2% acetate, 1% trehalose, betaine, glycerol or 
0.4% glucose increased the level of persister cells, 
indicating that the addition of these compounds increases 
protein aggregation in the cells thereby increasing persister 
cell formation. 

(Leszczynska 
et al. 2013) 

Rifampicin 
Tetracycline 
Carbonyl cyanide 
m-
chlorophenylhydraz
one (CCCP) 

Inducer E. coli K-12 - LB broth was inoculated with a diluted (1:1000) overnight 
culture and incubated at 37 °C to an OD600 = 0.08. The 
culture was either pretreated with tetracycline (50 µg/mL), 
rifampin (100 µg/mL), or CCCP (50 µg/) and incubated for 
30 min (tetracycline and rifampin) or 3 h (CCCP) or left 
untreated. The cultures were washed to remove pretreated 
compounds and resuspended in fresh LB broth before 
challenging with either ampicillin (100 µg/mL) or 
ciprofloxacin (5 µg/mL) for 3 h to assess the persister cell 
levels. 

- The level of persister cells was significantly increased by 
up to 10,000-fold regardless of compounds used prior to 
antibiotic challenge, suggesting that these compounds 
interrupted proteins synthesis, thereby inducing persister 
cell formation.   

(Kwan et al. 
2013) 
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Ethyl trans-2-
decenoate, ethyl 
trans-2-octenoate, 
and ethyl cis-4-
decenoate 

Break 
persistence 

E. coli BW25113, 
E. Coli EDL933, P. 
aeruginosa PAO1 

- Overnight culture was diluted (1:100) in LB medium and 
incubated at 37 °C to an OD600 = 0.7–0.8. The cells were 
washed twice and resuspended in LB medium to give a 
final optical density of 1.0 at 600 nm. The bacterial 
suspension was treated with ciprofloxacin (5 μg/mL) or 
ampicillin (100 μg/mL) with/without a fatty acid compound 
(500 μM) and incubated at 37 °C for 3 h. After intubation, 
the culture was washed twice and plated onto agar plates to 
assess the persister cell levels.  

- The combination of antibiotic and fatty acid significantly 
reduced the level of persister cell formation by at least 30-
fold when compared to the level in the same medium 
without fatty acid, indicating that the fatty acid alters the 
physiological state of the persister population.  

(Wang et al. 
2018b). 
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1.3.6.3. The role of indole as a modulator of persister cell formation 

Indole is an organic compound distributed widely in nature, and it is often secreted by 

organisms as a signaling compound (Lee and Lee 2010). Indole and its derivatives are produced 

by various species of bacteria and plants and is considered to be an intercellular, interspecies, 

and interkingdom signaling molecule (Lee et al. 2015; Patten and Glick 1996). For example, in 

plants, indole regulates interactions between plants and soil microbiota, stimulates plant root 

development, and acts as a regulator of plant growth and immune defenses (Lambrecht et al. 

2000; Patten and Glick 1996). In some animal species, indole regulates hormone production and 

also reduces intestinal inflammation (Kim and Park 2015; Lee et al. 2015). Although indole was 

characterized over a century ago, it is only in recent years that an interest in understanding its 

roles in biological systems has emerged (Lee and Lee 2010). Traditionally, the production of 

indole has been used as a biochemical assay to aid in bacterial identification (Kim and Park 

2015).  

More than 85 bacterial species, including both Gram-positive and Gram-negative species, 

are known to produce measurable amounts of indole (Lee and Lee 2010). Bacteria produce 

indole during the metabolism of tryptophan (an amino acid) by tryptophanase, an enzyme 

encoded by tnaA. TnaA converts tryptophan into indole, pyruvate, and ammonia (Newton and 

Snell 1965), and organisms that do not carry tnaA cannot synthesize indole from tryptophan. 

Consequently, species lacking tnaA are sensitive to the toxic effects of indole. However, these 

species can counteract this toxicity by degrading or modifying indole into derivatives such as 

hydroxyindoles via oxygenase enzymes (Kim and Park 2015; Lee and Lee 2010). Some bacterial 

species, such as the soil microbe Cupriavidus sp., can even use indole as a carbon source (Qu et 

al. 2015). The production of indole and its derivatives by both prokaryotic and eukaryotic cells is 

summarized in Figure 1. 10.  

 



43 

 
Figure 1. 10. The production of indole and its derivatives by prokaryotes and eukaryotes (copied from 
Lee et al. 2015). 

 

Low levels of indole (< 20 µM) are secreted by wild-type E. coli during exponential 

growth, whereas higher levels of indole (> 250 µM) are secreted by stationary phase populations 

(Vega et al. 2012). Furthermore, E. coli was shown to produce up to 5000 µM indole after a 24 h 

incubation in rich nutrient media (Darkoh et al. 2015). However, indole production is directly 

influenced by several factors, including nutrition, pH, cell population density, and the presence 

of antimicrobial agents. It has been reported that low pH inhibits indole production while high 

pH enhances indole production in E. coli (Han et al. 2011). Extracellular indole production is 

also affected by nutrient availability. For instance, glucose has been demonstrated to repress 

indole synthesis via catabolic suppression of tryptophanase, while tryptophan availability 

increases extracellular indole production. Additionally, the presence of trehalose was also shown 

to reduce extracellular indole production in wild type E. coli, suggesting that trehalose prevents 

oxidative stress, thereby limiting indole synthesis (Kuczynska-Wisnik et al. 2015). Exposure to 

ampicillin and kanamycin were also shown to increase the extracellular indole levels in E. coli 
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compared with the levels in no-antibiotic controls (Han et al. 2011). The population growth 

phase also influences indole production, as more indole is produced during stationary phase; 

therefore, indole is described as stationary phase signaling molecule (Han et al. 2011; Vega et al. 

2012).  

After indole is synthesized in the cytoplasm, it diffuses across the cell membrane to the 

external environment (Kim and Park 2015). Indole can also be actively exported via bacterial 

efflux systems, e.g., AvrAB (Blair et al. 2013). Extracellular indole can be transported from the 

external environment into cells to modulate various physiological processes in both indole-

producing and non-indole-producing bacteria. These physiological processes include (among 

others) biofilm formation (Kim et al. 2013; Martino et al. 2003), cell division (Chimerel et al. 

2012; Garbe et al. 2000), spore formation (Kim et al. 2011), virulence (Hirakawa et al. 2009), 

resistance (Hirakawa et al. 2005; Kim et al. 2013; Vega et al. 2013), and persistence (Kwan et al. 

2015; Lee et al. 2016; Vega et al. 2012). Remarkably, the particular regulatory roles of indole 

vary between strains (including both indole-producing and non-indole-producing strains).  

Martino and colleagues (2003) revealed that stimulation of indole production either by the 

addition of oxindolyl-L-alanine (a tryptophanase inhibitor) or genetically (via interruption of 

tnaA), resulted in reduced biofilm formation in indole-producing E. coli . However, the addition 

of oxindolyl-L-alanine did not decrease biofilm formation in Klebsiella pneumoniae (a non-

indole-producing species), indicating that stimulation of indole production only reduces biofilm 

formation in indole-producing bacteria (Martino et al. 2003). Furthermore, other authors have 

reported indole-induced biofilm formation in Burkholderia unamae (a non-indole-producing 

species), suggesting that indole may play a role in regulating biofilm formation (Kim et al. 

2013). Indole was found to reduce biofilm formation in E. coli via upregulation of the LuxR 

regulator SdiA (Lee et al. 2007). The same authors also showed that indole induces increased 

biofilm production in non-indole-producing Pseudomonads (Lee et al. 2007); therefore, the role 

of indole varies between bacterial species.  

Kim and colleagues (2011) also demonstrated that addition of exogenous indole to 

Paenibacillus alvei (an indole-producing strain) and B. subtilis (non-indole producing strain) 

contributed to spore formation and consequently to heat resistance in these species . Spores 
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formed after treatment with 1000 µM indole resulted in formation of immature spores with 

thinner spore coats and thinner cortexes (Kim et al. 2011). The same authors also showed that 

treatment with 1000 µM indole reduced the heat resistance of P. alvei by 51-fold (Kim et al. 

2011). By contrast, indole did not affect spore formation or heat resistance in B. subtilis, 

indicating that these are species-specific interactions with indole (Kim et al. 2011).The 

researchers also investigated the influence of external stress on the survival of P. alvei grown in 

sporulation medium with or without indole for 16 h prior to treatment with tetracycline (1 

mg/mL), erythromycin (5 mg/mL), chloramphenicol (1 mg/mL), or 70% ethanol or at low pH 

(4.0) (Kim et al. 2011). Indole pre-treatment significantly decreased the survival of P. alvei upon 

antibiotic exposure, ethanol exposure, and low pH. The authors suggested that these decreases 

were due to immature spore formation (Kim et al. 2011).  

Indole is also known to influence bacterial growth. For example, Garbe and colleagues 

(2000) demonstrated that 5000 µM indole inhibits E. coli cell growth due to indole toxicity . A 

similar finding was reported by Chimerel and colleagues (2012). They found that addition of 

5000 µM indole to E. coli cultures resulted in immediate growth arrest as observed under phase-

contrast microscopy. These authors suggested that indole might act as a proton ionophore, 

blocking cell division by inhibiting the formation of PMF across the cell membrane, thus 

limiting bacterial cell division and growth (Chimerel et al. 2012). The toxicity of indole has been 

shown to be concentration-dependent, with concentration < 3000 µM having a minimal effect on 

the growth of E. coli BW25113, while higher indole concentrations  (3000–6000 µM) 

significantly limit growth (Chant and Summers 2007). In addition, it was demonstrated that 

addition of indole to E. coli K-12 cultures at high concentrations (3000–5000 µM) induced the 

formation of quiescent cells (i.e., non-growing but metabolically active cells) (Chen et al. 2015).  

Furthermore, 2000 µM indole has been demonstrated to enhance the resistance of E. coli to 

rhodamine 6G and SDS by inducing multidrug exporter genes such as acrD and mdtEF, which 

control drug resistance in E. coli (Hirakawa et al. 2005). Indole is also a known substrate of 

AcrAB, and it induces acrAB expression (Nikaido et al. 2008). As AcrAB can export a variety of 

compounds, including multiple classes of antimicrobials (Edward et al. 2003), acrAB 

upregulation in response to indole confers decreased susceptibility to a broad range of 

antimicrobials. Moreover, indole has been shown to decrease the susceptibility of Salmonella 
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enterica serovar Typhimurium (an indole-negative strain) to carbenicillins (Vega et al. 2013). 

However, as these antimicrobials are not known AcrAB substrates, this effect is likely due to a 

different mechanism, e.g., an oxidative stress response (Vega et al. 2013). Indole also influences 

bacterial virulence. For example, Hirakawa and colleagues (2009) revealed that indole is 

required for successful adhesion of pathogenic E. coli O157 as cells were unable to adhere in the 

absence of indole or when carrying a tnaA null mutation. The same authors also showed that 

indole increases the levels of EspA and EspB, which are responsible for A/E lesion formation on 

human cells (Hirakawa et al. 2009).   

Given that indole can induce phenotypes mirroring those of persister cells (e.g., increased 

resistance to antimicrobials and delayed growth or no-growth), it is possible that indole itself can 

trigger persister cell formation. Therefore, Vega and colleagues (2012) investigated the role of 

indole in modulating persister cell formation in E. coli. Briefly, they added indole (500 µM) to 

an exponential phase culture of wild type E. coli growing in M9CG medium (M9 supplemented 

with casamino acids and glucose) one hour before the addition of a lethal dose of bactericidal 

antibiotic (ampicillin, kanamycin, or ofloxacin at final concentrations of 100 µg/mL, 10 µg/mL, 

and 5 µ µg/mL, respectively) (Vega et al. 2012). Persister cells were isolated 3 h after antibiotic 

addition. Their results demonstrated that indole increased the formation of persister cells by at 

least one order of magnitude independent of the antibiotic, indicating that indole induces the 

transition to a persister state by inducing transcriptional activation of oxidative stress in E. coli 

population (Vega et al. 2012). They also demonstrated that a culture of ΔtnaA E. coli had a 

decreased level of persister cell compared to wild type E. coli, suggesting that indole is important 

in persister cell formation (Vega et al. 2012). However, this mutation did not completely 

eliminate persister cell formation, indicating that other factors must also be involved (Vega et al. 

2012).  

These observations were further supported by Kuczynska-Wisnik and colleagues (2015), 

who also demonstrated that indole induces persister cell formation. The researchers investigated 

the role of trehalose in persister cell formation, and they found that a lack of trehalose in a ΔotsA 

mutant increased persister cell formation while increasing extracellular indole production. This 

increase in persister cell formation was found to be due to oxidative stress accompanied by 

overproduction of extracellular indole, suggesting that trehalose prevents oxidative stress and 
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eliminates indole synthesis, in turn preventing persister cell formation in E. coli (Kuczynska-

Wisnik et al. 2015). The researchers also found that addition of indole (1000 and 2000 µM) to 

wild type E. coli cultures in LB medium increased persister cell formation (Kuczynska-Wisnik et 

al. 2015).     

By contrast, other researchers demonstrated that indole attenuates persister cell formation 

rather than inducing persistence. Kwan and colleagues (2015) have revealed that DosP, a direct 

oxygen-sensing phosphodiesterase, increased persister cell formation by over 1000-fold. They 

suggested that DosP inhibits cyclic adenosine monophosphate production, which inhibits TnaA 

expression, thus decreasing indole synthesis (Kwan et al. 2015). The researchers also revealed 

that addition of exogenous indole to bacterial cultures reduced persister cell formation. Indole 

was added for 2 h to BW25113 ΔtnaA cultures grown in LB medium to an OD600 of 2.00. Next, 

the cultures were diluted and adjusted to an OD600 of 1.00. Finally, persister cells were isolated 3 

h after exposure to either ampicillin (100 mg/mL) or ciprofloxacin (5 mg/mL) (Kwan et al. 

2015).  

Their observations were supported by Lee and colleagues (2016) who demonstrated that 

indole and its derivatives eliminated persister cell formation. Briefly, they inoculated LB 

medium with 1:1000-diluted overnight culture followed by incubation at 37 °C to an OD600 of 

0.8. Next, the cultures were exposed to either rifampicin (100 μg/mL), ampicillin (100 μg/mL), 

or ciprofloxacin (0.5 μg/mL) for 30 min, washed, and adjusted to an OD600 of 0.5 in fresh LB 

medium (Lee et al. 2016). Indole or its derivatives were added to a final concentration of 2000 

µM followed by incubation for 3 h at 37 °C before persister cell enumeration  (Lee et al. 2016). 

Their results demonstrated that indole or some indole derivatives (e.g., 5-iodoindole, 

4-fluoroindole, 7-chloroindole, and 7-bromoindole), reduced persister cell formation. Of these 

derivates, 5-iodoindole was shown to be the most effective agent against persister cell formation 

(Lee et al. 2016). However, abundant contradictions remain between various studies 

(Kuczynska-Wisnik et al. 2015; Kwan et al. 2015; Lee et al. 2016; Vega et al. 2012). 

1.3.6.4. Ethylenediaminetetraacetic acid (EDTA)  

Ethylenediaminetetraacetic acid (EDTA) is a chelating agent that was first synthesized by 

the Austrian chemist Ferdinand Münz. Due to its ability to sequester divalent metal ions (e.g., 
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Fe2+, Mg2+, and Ca2+), EDTA is widely used in industrial and medical applications as a chelating 

agent (Heindorff et al. 1983; Münz 2017). In medical applications, EDTA has been used since 

the 1950s as the first choice for the treatment of heavy metal poisoning. The effectiveness of 

EDTA as an antimicrobial agent has been linked to the bacterial requirement for metal ions for 

their metabolism and growth. For example, iron deficiency disrupts various bacterial processes, 

including protein synthesis, electron transport, and enzymatic activities (Messenger and Barclay 

1983).  

EDTA has been shown to exert bacteriostatic effects, especially against Gram-negative 

bacteria, by removing divalent metal ions from the outer membrane lipopolysaccharide, thereby 

enhancing outer membrane permeability and disrupting its functionality (Finnegan and Percival 

2015). The MIC of EDTA against E. coli strains has been reported to be high (≥ 16,384 µg/mL) 

(Umerska et al. 2018). As a result, EDTA is commonly used with antibiotic agents to obtain a 

synergistic effect (Ray and Bhunia 2007). For instance, a combination of 410 µM EDTA and 

ampicillin reduced the ampicillin MIC value from 2000 µg/mL to 500 µg/mL against resistant E. 

coli strains (Weiser et al. 1968). In terms of persistence, 0.5 mM EDTA combined with 

ciprofloxacin was found to be ineffective at reducing the levels of persister cells in P. aeruginosa 

(Briers et al. 2014). Analyses of the effects of EDTA on the development of a persister state in 

STEC populations remains to be determined.  

1.3.6.5. Dimethyl sulfide (DMSO) 

Dimethyl sulfide (DMSO) is a colorless organic amphiphilic compound widely used as a 

solvent in the fields of pharmacy and biology (Gurtovenko and Anwar 2007; National Center for 

Biotechnology Information 2020). DMSO contains two hydrophobic methyl groups and one 

hydrophilic sulfoxide group, which makes it an ideal solvent with low toxicity to dissolve 

organic, inorganic, polar, and nonpolar compounds (Gurtovenko and Anwar 2007; Mi et al. 

2016; National Center for Biotechnology Information 2020). Additionally, DMSO is miscible in 

water and an extended range of organic solvents (Mi et al. 2016) and has been reported to exhibit 

antimicrobial effects (Ansel et al. 1969; Basch and Gadebusch 1968; Pottz et al. 1967).  

The MIC values of DMSO against a group of test bacteria, including E. coli, 

Staphylococcus aureus and Pseudomonas spp., were found to range from 5 to 10%, and its MBC 
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values were measured at ≥ 20% (Pottz et al. 1967). Basch and Gadebusch (1968) reported that 

the MIC and MBC values of DMSO against E. coli were 10% and 20%, respectively. Another 

group of researchers investigated the MIC values of DMSO against two different E. coli strains, 

and they found that the MIC value of DMSO against E. coli BW25113 strain was 15% while that 

against E. coli ATCC 25922 was 10% (Mi et al. 2016). These researchers further investigated the 

interaction between DMSO and antibiotics (Mi et al. 2016), reporting that while the MIC values 

of oxolinic acid, ciprofloxacin, and ampicillin did not change in the presence of DMSO, the MIC 

of kanamycin was 2-fold lower. These results indicate specific effects of DMSO on the MIC 

values of different antibiotics (Mi et al. 2016).  

The effects of ampicillin or a combination of ampicillin and DMSO on the survival of an 

exponentially growing culture of E. coli BW25113 in LB medium have also been examined (Mi 

et al. 2016). The authors found that exposing cultures to a combination of 16 µg/mL ampicillin 

and 7.5% DMSO for 3 h increased the percentage of survival by 100-fold compared with the 

effect of exposure to ampicillin alone (Mi et al. 2016). In addition, a combination of ampicillin 

and 5% DMSO increased the percentage of survival by only 10-fold. Similar results were also 

obtained for ciprofloxacin and kanamycin (Mi et al. 2016). However, a higher concentration of 

ampicillin (160 µg/mL) with 5 % DMSO showed little effect on the survival of E. coli ATCC 

25922 after exposure for 9 h (Mi et al. 2016). The researchers claimed that the presence of 

DMSO inhibited the effects of antibiotics via the accumulation of reactive oxygen species 

(ROS), thus providing an antioxidant defense mechanism for the bacteria (Mi et al. 2016).   

Another investigation into the mode of action of DMSO in bacteria (Gurtovenko and 

Anwar 2007) revealed that the action of DMSO was concentration dependent. At concentrations 

of 2.5–7.5 mol %, DMSO decreased the thickness of the cell membranes, resulting in increased 

fluidity in the hydrophobic portion of the membrane. At concentrations ≤ 20 mol %, DMSO 

triggered the formation of transient water pores in the membranes, while higher concentrations 

(≥ 25–100 mol %) destroyed the lipid bilayer structure (Gurtovenko and Anwar 2007).  

1.3.6.6. L-cysteine 

L-cysteine, a non-essential amino acid, contains a reactive thiol side chain that has 

important biological functions in microorganisms, including in protein folding, assembly and 
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stability via the formation of disulfide bonds (Takagi and Ohtsu 2016). L-cysteine biosynthesis is 

the primary pathway for sulfur incorporation in cells, where it is involved in catalyzing 

enzymatic reactions as well as protein folding and stabilization (Guédon and Martin-Verstraete 

2006; Takagi and Ohtsu 2016). In addition, L-cysteine is a reducing agent that can protect cells 

from ROS via its –SH group (Ohtsu et al. 2010). Bacteria can obtain L-cysteine directly from the 

external environment or biosynthesize it. There are two main L-cysteine biosynthetic pathways: 

the thiolation pathway, which incorporates sulfide or thiosulfate into O-acetyl-L-serine, and the 

reverse transsulfuration pathway, which interconverts homocysteine and cysteine via 

cystathionine (Guédon and Martin-Verstraete 2006). In the thiolation pathway, the catalysis is 

mediated by a serine acetyltransferase encoded by cysE (Guédon and Martin-Verstraete 2006; 

Takagi and Ohtsu 2016). In the first step, CysE converts serine and acetyl-CoA into O-

acetylserine (OAS). Subsequently, OAS and sulfide are converted into cysteine and acetate by 

the O-acetylserine sulfhydrylase encoded by cysK (Guédon and Martin-Verstraete 2006; Takagi 

and Ohtsu 2016).  

Although L-cysteine plays a crucial role in bacterial physiology, its biosynthesis is 

controlled by environmental stressors (such as nutrient starvation and oxidative stress) 

(Campanini et al. 2015). Inhibition of L-cysteine biosynthesis massively affects survival, 

virulence, host invasion, and persistence of bacterial pathogens and is particularly essential 

during bacterial persistence states in which cells are exposed to nutrient depletion (Becker et al. 

2006; Bhave et al. 2007). It has been shown that exposing wild-type Salmonella to oxidative 

stress leads to upregulation of many genes related to L-cysteine biosynthesis, which decreases 

antibiotic efficacy (Turnbull and Surette 2010). Furthermore, cysteine biosynthesis mutants of 

Salmonella exhibit higher antimicrobial susceptibility (Turnbull and Surette 2010). A study 

conducted by Kohanski and colleagues (2007) revealed that the common mechanism of bacterial 

cell death induced by three different classes of antibiotics (i.e., β-lactams, aminoglycosides, and 

quinolones) was the formation of hydroxyl radicals. 

However, the presence of L-cysteine in the medium has been shown to markedly increase 

the MIC values of some β-lactam antibiotics (Markowitz and Williams 1985). The exogenous 

addition of 0.1% L-cysteine to Mueller-Hinton (MH) medium resulted in increased MIC values 

of penicillin G (> 800 µg/mL) compared with those in MH without L-cysteine supplementation 
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(≤ 12.5 µg/mL). The authors of this study also found similar effects for β-lactam antibiotics, 

including ampicillin, carbenicillin, and ticarcillin, indicating that L-cysteine sequesters the β-

lactam ring thereby reducing the activity of these antibiotics (Markowitz and Williams 1985). 

These findings suggest that L-cysteine decreases the efficacy of antibiotic treatment by reducing 

oxidative stress, which could revive cells from a persister state.  

1.3.7. Detection of persister cells 

Culture-based techniques can be used to recover and quantify persister cells (Kaldalu et al. 

2016b), although these techniques fail to discriminate between persister cells and VBNC cells. 

VBNC cells are considered viable, although they are unable to form colonies when cultured on 

solid media (Ayrapetyan et al. 2015). Therefore, direct microscopic counting aided by viable cell 

staining techniques can be used to recover and quantify viable cells, although these techniques 

cannot distinguish between persister and VBNC cells as both are considered viable (Zhao et al. 

2017). Nevertheless, plate counting and viable microscopic counting are common methods 

routinely used to distinguish between persister cell and VBNC populations (Zhao et al. 2017). 

The difference between the number of culturable cells and the number of viable cells indicates 

the number of VBNC cells in a sample (Li et al. 2014; Zhao et al. 2017). 

 Viable cells are described as cells with intact and tight cell membranes, while injured and 

dead cells are associated with damaged cell membranes; therefore, viability does not prove 

whether cells can grow and divide (Stiefel et al. 2015; Zhao et al. 2017). These differences in cell 

membrane structural integrity are the fundamental principle of the LIVE/DEAD® BacLight 

viability stain, which can be used to detect viable cells. The LIVE/DEAD® BacLight stain 

comprises two fluorescent dyes: SYTO 9 and propidium iodide (PI). SYTO 9 is a green 

fluorescent pigment that can penetrate both intact and damaged cell membranes, binding to 

cellular nucleic acids to yield a green fluorescent signal. By contrast, PI is a red fluorescent stain 

that can only penetrate cells with damaged membranes, and upon nucleic acid binding, it yields a 

red fluorescent signal (Stiefel et al. 2015; Stocks 2004). When both SYTO 9 and PI are present, 

SYTO 9 exhibits a weaker affinity for nucleic acids, hence SYTO 9 is reduced by PI (Stiefel et 

al. 2015; Stocks 2004). The LIVE/DEAD® BacLight stain is used with fluorescent microscopes 

and flow cytometers to detect and enumerate viable and non-viable cells (Li et al. 2014; Stiefel et 

al. 2015; Zhao et al. 2017). 
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1.3.8. Ampicillin 

Following the discovery of penicillin in 1928 and the isolation of novel antibiotics, e.g., 

streptomycin in 1944 and vancomycin in 1952, the first problems related to the development of 

antibiotic resistance started to emerge (Gould et al. 2013). Since then, ongoing efforts have been 

dedicated to the discovery of novel antibiotics and the development of semi-synthetic antibiotics 

with higher stability, improved pharmacokinetics, and broader effectiveness. Ampicillin is a 

semi-synthetic antibiotic developed in 1961 to extend the antimicrobial activity of penicillin 

(Gould et al. 2013). Like its predecessor, it falls into the class of β-lactam antibiotics due to its β-

lactam ring (Chambers and Deck 2009; Kaushik et al. 2014). While penicillin was only effective 

against Gram-positive bacteria due to its effect on cell-wall peptidoglycans, ampicillin is 

effective against Gram-positive bacteria, such as L. monocytogenes, and S. aureus, and Gram-

negative bacteria, such as E. coli and Salmonella; thus, it became the first broad-spectrum β-

lactam antibiotic on the market (Chambers and Deck 2009; Kaushik et al. 2014; Zaffiri et al. 

2012). The improved properties of ampicillin (versus previously used penicillins) derive from the 

presence of an additional amino group, which allows it to penetrate the outer cell membrane of 

Gram-negative bacteria via porins (membrane protein channels) to inhibit cell-wall synthesis 

(Chambers and Deck 2009; Kapoor et al. 2017).  

Ampicillin, like other β-lactam antibiotics, inhibits growing bacterial cells by disrupting 

the transpeptidation reaction during bacterial cell wall synthesis (Chambers and Deck 2009; 

Kapoor et al. 2017). The cell wall is an important layer present in plants, fungi, archaea, algae, 

and bacteria, and it provides, among other things, structural integrity and protection. The 

bacterial cell wall is made of peptidoglycan, a polymer derived from the peptide cross-linking of 

alternating units of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). The peptide 

cross-links are catalyzed by a transpeptidase known as penicillin-binding protein (PBP), which is 

the target of β-lactam antibiotics. Once β-lactams bind to PBP, the transpeptidation process is 

inhibited, thereby blocking peptidoglycan synthesis to induce cell death (Chambers and Deck 

2009; Kapoor et al. 2017).  

Ampicillin has been used to treat diseases such as enteric fever, respiratory tract infections, 

and urinary tract infections (Chambers and Deck 2009; Kaushik et al. 2014). MIC values of 

ampicillin have been reported for major pathogenic bacteria, including Staphylococcus aureus 
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(0.6–1 µg/mL) and E. coli (4 µg/mL) (Kaushik et al. 2014). However, bacteria have developed 

mechanisms to overcome the antimicrobial effect of ampicillin, e.g., via the production of β-

lactamases, which hydrolyze the β-lactam ring, modification of PBP to prevent antibiotic 

binding, and expression of efflux pumps that extrude the antibiotics out of the cells (Chambers 

and Deck 2009; Kapoor et al. 2017). Ampicillin, like other bactericidal antibiotics, has been used 

by many researchers to study and measure persister-cell formation in bacterial cultures (Allison 

et al. 2011; Goormaghtigh et al. 2018; Lee et al. 2016; Leszczynska et al. 2013; Luidalepp et al. 

2011; Moyed and Bertrand 1983). Independent of the mode of action of various antibiotics, it is 

generally accepted that a lethal dose of antibiotic (10 times higher than the MIC) should be used 

to select persister cells while inactivating sensitive and tolerant cells (Kaldalu et al. 2016b).  

1.3.9. The significance of persisters   

The phenomenon of persister cells has attention in relation to diseases such as tuberculosis, 

in which the immune system is inefficient at eliminating these cells (Stewart et al. 2003). Today, 

it is broadly accepted that persistence is one of the most important metabolic states in bacteria 

and one of the causes of antibiotic failure, recalcitrant chronic infectious diseases, and enhanced 

tolerance to interventional methods (Fakruddin et al. 2013; Kussell et al. 2005; Lewis 2010; 

Wood and Song 2020). When addressing food safety in the food industry, the general goal is to 

achieve a 5 log10 reduction in bacterial load without giving additional consideration to the state 

and number of the remaining cells. This practice is driven by the lack of appropriate tools to 

investigate and understand persister and VBNC cells behavior and by weak evidence regarding 

the importance of persister and VBNC cells in food safety.   

1.4. Research Rationale 

In recent years there has been an increase in the number of STEC outbreaks linked to fresh 

produce, highlighting an ongoing issue in food safety faced by the fresh produce industry. STEC 

can enter the chain of fresh produce via multiple sources, with the use of manure being one of 

the main sources. Manure is commonly used to fertilize soil and represents a significant source 

of STEC; therefore, agriculture regulations recommend application of the 90- and 120-day rules 

before harvesting. The 90- and 120-day rules attempt to ensure a significant reduction or 

complete elimination of bacterial pathogens potentially present in the manure, thus reducing the 
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chance of bacterial contamination in the final product. However, STEC has been shown to 

survive longer than 120 days, suggesting that it may enter a persister state that enhances its 

survival in the environment, thus posing serious health risks. The persister state has been 

observed in many bacterial species, although it has not been previously studied in STEC, where 

it might have serious implications for the safety of fresh produce production.  

It is unknown whether the rate of persister cell formation by non-O157 STEC strains 

differs from that of the highly virulent E. coli O157:H7 serotype. It is also unknown which 

factors within various bacteriological growth media might influence persister cell formation; 

thus, we lack knowledge of the most suitable media for the selection and isolation of these cells. 

Environmental signals have been shown to contribute to persister cell formation, although their 

roles in the regulation of persister cell formation remain unclear. Contradictory reports have been 

published on the effects of indole on persister cell formation; therefore, further studies are 

required to properly evaluate the role of this compound. In addition, the effects of different soil 

types on STEC persistence also require further exploration. It is currently unknown whether 

different soil constituents might play roles in inducing persister states; therefore, identification of 

potential triggers in soil extracts that can induce or disrupt persistence might aid in the 

development of novel detection protocols that could later be implemented into general food 

safety practices. 
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1.5. Research Hypothesis and Objectives  

1.5.1. Research hypothesis 

The hypothesis is that a persister state exists in Shiga toxin-producing Escherichia coli 

which can be modulated by constituents encountered in agricultural environments to promote the 

long-term survival of the pathogen in soil.  

1.5.2.  Research objectives  

The objectives of the study are as follows:  

1. To determine the existence of a persister state within populations of non-O157 and O157 

strains.  

2. To assess the effects of different cultivation methods on the proportion and survival of 

persister cells.  

3. To determine the effects of activators (indole, EDTA) on disrupting or inducing 

persistence in STEC. 

4. To determine whether relieving stress factors triggers revival of STEC cells from a 

persister state. 

5. To determine the roles of soil constituents on the regulation of persistence in STEC. 
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CHAPTER II 

2. Materials and Methods 

2.1. Description of bacterial strains 

The pathogenic bacteria used in this study were O157:H7 Shiga toxin-producing 

Escherichia coli and the non-O157 STEC serotypes O121:H19, O111:NM, O103:H2, O45:H2, 

and O26:H11 (Table 2. 1). These STEC strains, including E. coli O157:H7, were obtained from 

Dr. Roger Johnson, Public Health Agency of Canada (Guelph, Ontario, Canada). Upon arrival, 

pure isolated cultures of serotypes O157:H7, O121:H19, O111:NM, O103:H2, O45:H2, and 

O26:H11 were streaked from CT-SMAC plates (cefixime tellurite sorbitol-MacConkey) onto 

TSA and incubated at 37 °C overnight. The resulting colonies were then suspended in TSB 

medium containing 30% glycerol (v/v) (Fisher Chemical, USA) and stored at -80 °C until use.  

 

Table 2. 1. Summary of the virulence factors and isolation sources of the STEC strains used in this study 

Serotype Virulence factors Source 

O157:H7 stx1, stx2, eae Clinical 

O121:H19 stx2, eae Manure 

O111:NM stx1, eae Environmental 

O103:H2 stx1, stx2, eae Manure 

O45:H2 stx1, eae Beef 

O26:H11 stx1, eae Clinical 
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2.2. Description of media  

Throughout this work, various liquid and solid bacterial culture media were used to 

achieve the outlined objectives. Unless otherwise specified, all culture media were prepared 

according to the manufacturers’ instructions. These media include tryptic soy broth (TSB) 

(B211825, Becton, Dickinson and Company, USA), a complex rich medium derived from a 

soybean-casein digest supporting the growth of a wide range of aerobic and facultative anaerobic 

bacteria (Zimbro et al. 2009); LB (Luria-Bertani Miller) broth (244620, Becton, Dickinson and 

Company, USA), which is the most commonly used medium for bacterial growth (Zimbro et al. 

2009); and M9 (M9 minimal salts medium (B248510; Becton, Dickinson and Company, USA) 

supplemented with 20 mL/L of a sterile 20% w/v glucose solution (G5767; Sigma Aldrich, 

USA), 2 mL/L of a sterile 1.0 M MgSO4 solution (M65500; Fisher Scientific, Japan), and 0.1 

mL/L of a sterile 1.0 M CaCl2 solution (10043524; Honeywell Fluka, Germany) (all of these 

additives were added after autoclaving the M9 medium and cooling it down to approximately 55 

°C). M9 medium is a defined minimal medium that contains the minimum nutritional 

requirements for growing various bacteria, including E. coli (Zimbro et al. 2009). Generally, it 

serves as the basis for the development of more complex culture media. In this work, M9-derived 

media were used to evaluate the effects of individual compounds and extracts (e.g., indole, 

EDTA, and soil extracts) on triggering or breaking the persister state without interference from 

compounds found in complex media. 

Several solid media were also used, including brain heart infusion agar (BHIA) (B211065, 

Becton, Dickinson and Company, USA), a complex rich medium derived from a (bovine or 

porcine) brain and heart infusion used to support the growth of various pathogenic and fastidious 

bacteria; tryptic soy agar (TSA) (B236950, Becton, Dickinson and Company, USA); TSAamp, 

TSA supplemented with filter-sterilized ampicillin (BP90225; Fisher Bio-Reagents, China) to a 

final concentration of  50 μg/mL to select for resistant colonies; LB Agar (LBA) (244520, 

Becton, Dickinson and Company, USA); M9A, M9 medium supplemented with 15 g/L agar 

(BP1423500; Fisher BioReagents, Mexico) then autoclaved prior to addition of glucose, MgSO4, 

and CaCl2 at the previously described concentrations; and M9Aamp, M9 agar supplemented with 

filter-sterilized ampicillin to a final concentration of 50 μg/mL).  
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Lettuce extract 

A specific M9-derived solid medium was developed in this study, i.e., M9AL (M9A 

supplemented with 20 mL/L of filtered sterile lettuce homogenate). This homogenate was 

prepared by juicing the head of green leaf lettuce without the stem using a Breville Juice 

Fountain with a centrifugal juicer. The extract was transferred to sterile 50 mL centrifuge tubes 

(644318; Fisherbrand, Mexico) and then centrifuged at 15,000 rpm for 20 min at room 

temperature using a Sorvall ST 8 benchtop centrifuge (Thermo Scientific, USA). The resulting 

supernatant was subsequently filtered through sterile grade 4 Whatman filter paper (10041125; 

Sigma Aldrich, USA), sterile grade 5 Whatman filter paper (1005110; Sigma Aldrich, USA), and 

a 0.45-μm syringe filter (9719D; Fisher Scientific, Ireland) culminating with sterilization via 

filtration through a 0.22-μm syringe filter (9719C; Fisher Scientific, Ireland).  

The extract was microbiologically tested by spread plating 100-µL aliquots onto TSA 

plates followed by incubation at 37 °C for 24 h to ensure that it was sterile before being stored at 

-20 °C until required. The pH level and sugar content of the extract were also measured using an 

Accumet Excel XL20 pH meter (Fisher Scientific, Singapore) and a portable refractometer, 

respectively. The lettuce homogenate extract used in the experiments had an average pH of 7.02 

± 0.1 and an average sugar content 2.9 ± 0.5 degrees Brix. 

2.3. Preparation of bacterial suspensions 

The STEC strains were streaked individually from -80 °C glycerol stocks onto TSA plates 

and incubated aerobically at 37 °C for 24 h. The resulting cultures were maintained at 4 C. 

Liquid cultures were prepared by picking single colonies of each STEC strain and transferring 

them to test tubes containing the respective culture broth media (LB, TSB, M9 medium). The 

broth cultures were incubated aerobically at 37 °C overnight without agitation and stored at 4 °C 

until required for a maximum of 1 day.  

2.4. Preparation of persister STEC cultures  

Generation of persister cell suspensions of STEC strains was started by inoculating fresh 

medium with diluted (1:100) overnight bacterial culture, obtaining an initial concentration of 

approximately 105 CFU/mL. The cultures were then incubated aerobically at 37 °C to an optical 
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density of 0.2 at 600 nm before addition of ampicillin to a final concentration of 200 μg/mL. 

After 8 h of ampicillin exposure, the cultures were washed twice with sterile phosphate-buffered 

saline (PBS) (P3813; Sigma Life Science, USA) to remove residual antibiotic, followed by pellet 

resuspension in 20 mL of sterile PBS. The suspensions were stored at 4 °C. The total cell 

numbers in the suspensions were determined via serial dilution in sterile saline and plating on 

TSA plates. These suspensions were used as persister bacterial populations for inoculation of 

fresh broth test media.    

2.5. Preparation of normal STEC cultures  

Normal STEC cultures were prepared by inoculating fresh medium with diluted (1:100) 

overnight bacterial culture to obtain an initial concentration of approximately 105 CFU/mL. The 

cultures were then incubated aerobically at 37 °C overnight. After incubation, the cultures were 

washed twice with sterile PBS, followed by pellet resuspension in sterile PBS. The suspensions 

were stored at 4 °C until required. total cell populations in the suspensions were quantified by 

plating aliquots diluted in PBS on TSA plates plate, which were incubated at 37 °C for 24 h . 

These suspensions were used as non-persister bacterial populations for inoculating fresh broth 

test media. 

2.6. Preparation of antibiotic stocks 

To weigh the exact amount of antibiotic powder needed to make a stock solution, the 

following formula was used (Washington 2012): 

𝑊 =  
𝑉 × 𝐶

𝑃
 

Where W = the weight of antibiotic (mg), V = the volume (mL) of appropriate solvent, C = 

concentration (µg/mL) of final antibiotic stock solution, and P = potency (µg/mg) usually 

provided by the manufacturer.     

Prior to the experiment, ampicillin (BP90225; ampicillin trihydrate off-white powder, 

Fisher BioReagentsTM, China) was weighed and dissolved in 0.5 M HCl solution (320331; 

hydrochloric acid, Sigma-Aldrich, Oakville, Canada) to give a final stock concentration of 
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10,000 µg/mL. The stock was then filter sterilized using a 0.22-μm syringe filter and stored at 4 

°C. 

2.7. Preparation of chemical reagents  

Indole stock solution (W259306; indole ≥ 99 %, Sigma-Aldrich Corporation, St. Louis, 

USA) was prepared either in 14.1 M DMSO (472301; dimethyl sulfoxide ACS reagent, ≥ 99.9%, 

Sigma-Aldrich, Saint Louis, USA), 34.6 M methanol (BPA4524; methanol ≥ 99.9%, Fisher 

Chemical, Fisher Scientific, USA), or 16.7 M ethanol (P016EA95; ethyl alcohol, 95 %, 

Greenfield Global Inc., Canada) and stored at 4 °C, protected from light, until required.  

EDTA stock solution (E1644, Sigma-Aldrich, USA) was prepared in dH2O. The solution 

was filter sterilized using a 0.22-μm syringe filter and stored at 4 °C until required. 

2.8.  Preparation of soil extract solution  

Two types of soil (loam and sandy loam) were examined in these experiments to assess 

their ability to induce or to reverse persister state within persister and non-persister populations 

of E. coli O103:H2 cells. Soil samples were provided by Dr. Ann Huber (Soil Resource Group, 

Guelph, ON, Canada). The soil samples were first air dried for 24 h prior to sieving through 2-

mm mesh screens. After sieving, the soil samples were individually mixed in a large bin, covered 

with a lid, and stored at room temperature prior to further analysis and extraction.  

Soil constituents were extracted by transferring 20 g of dry soil to a Stomacher bag and 

adding 10 mL of sterile dH2O. The mixture was gently mixed manually before being 

homogenized  at 250 rpm for 3 min using a Stomacher 400 Circulator (Seward Laboratory 

Systems Inc, USA). The soil mixture was transferred to a 50 mL centrifuge tube before being 

centrifuged at 15,000 rpm for 20 min at room temperature. The supernatant was then 

successively filtered through sterile grade 4 Whatman filter paper (10041125; Sigma Aldrich, 

USA), sterile grade 5 Whatman filter paper (1005110; Sigma Aldrich, USA), and a 0.45-μm 

syringe filter (9719D; Fisher Scientific, Ireland) before being sterilized via filtration through a 

0.22-μm syringe filter (9719C; Fisher Scientific, Ireland). The extracts were microbiologically 

tested to ensure that they were sterile by spread plating 100-µL aliquots onto TSA plates 
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followed by incubation at 37 °C for 24 h. The extracts were stored at -20 °C until further analysis 

and testing.  

2.9. Antibiotic susceptibility tests 

The minimum inhibitory concentrations (MICs) of ampicillin against all tested STEC 

strains were determined via the E-test and the broth microdilution methods. Furthermore, the 

minimum bactericidal concentrations (MBCs) of ampicillin against tested STEC strains were 

also determined.  

2.9.1. E-test MIC assay 

The ampicillin MIC was determined using the Oxoid M.I.C.E strip technique as described 

by the manufacturer (MA0110D, Thermo Scientific, Canada). Briefly, the tested STEC strains 

were grown aerobically in Mueller-Hinton broth (MHB) (CM0405, Oxoid, England) at 37 °C 

overnight. Subsequently, the density of the culture was adjusted with sterile dH2O to that of a 0.5 

McFarland turbidity standard prior to swabbing the culture onto the surface of a Mueller-Hinton 

agar (MHA) plate (CM0337, Oxoid, England). The solution was used no later than 15 min after 

preparation. M.I.C.E strips containing a gradient of ampicillin concentrations (256–0.015 

µg/mL) were placed on the MHA surface using sterile tweezers following the manufacturer’s 

instructions.  

Plates were incubated aerobically at 37 °C, and the MIC values were observed 24 h later 

by measuring the inhibition halo formed around each ampicillin concentration. The MIC values 

obtained were then interpreted using the ampicillin breakpoint values provided by the Clinical 

and Laboratory Standards Institute (CLSI 2012) as follows: STEC strains with ampicillin MIC 

values ≤ 8 µg/mL were classified as susceptible, while STEC strains with values ≥ 32 µg/mL 

were considered resistant. STEC strains with MIC values between 8 and 32 µg/mL were 

considered as having intermediate resistance. In addition, the ampicillin MIC values against 

isolated STEC strain persister cells obtained from a killing curve with samples at 1 h, 7 h, and 12 

h after exposure to 200 µg/mL of ampicillin were examined.     
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2.9.2. Broth microdilution MIC assays 

Sterile 96-well microtiter plates (167008, Thermo Scientific, Denmark) were filled with 

100 µL of test media (LB, MHB, M9, and TSB) to determine the effects of various broth media 

on MIC values. The first and second rows of the microtiter plates were filled with 100 µL of LB 

medium. The third and fourth rows were filled with 100 µL of MH medium. The fifth and sixth 

rows were filled with 100 µL of M9, while the seventh and eighth rows were filled with 100 µL 

of TSB. Next, 100 µL of ampicillin (256 µg/ml) was dispensed into third column and serially 

diluted (1:2 dilution) from the fourth through to the twelfth columns, giving a final concentration 

range of 128–0.25 µg/mL. The microtiter plates were then inoculated from the second column 

onwards with 10 µL of each STEC strain to a final concentration of approximately 105 CFU/mL 

while the first column was not inoculated to provide a negative control (Andrews 2001). Plates 

were then incubated aerobically for 24 h at 37 °C. The MIC values were determined by 

observing the lowest concentration of ampicillin required to inhibit visible bacterial growth. The 

MIC values were used to classify each strain as resistant or sensitive to ampicillin according to 

the CLSI classification data (CLSI 2012) along with determining the effects of a variety of broth 

media on the MIC.  

Furthermore, the MIC values of indole dissolved in 14.1 M DMSO, 16.7 M ethanol, and 

34.6 M methanol as well as those of 14.1 M DMSO, 16.7 M ethanol, and 34.6 M methanol 

without indole were determined in parallel along with determining the influence of TSB versus 

M9 medium on the MIC. To this end, 96-well microtiter plates were filled with 100 µL of test 

media (TSB or M9). Next, 100 µL of indole stock (32,000 µM) prepared in either DMSO (14.1 

M), ethanol (16.7 M ), or methanol (34.6 M) was dispensed into the first row, and serially diluted 

(1:2 dilution) from the second row through to the eighth row, giving a final concentration of 

indole range of 1,600–125 µM. The solvent concentration in the indole solutions were decreased 

as the indole was diluted; therefore, the final concentrations of DMSO, ethanol, or methanol in 

indole ranged from (7.07–0.06 M), (8.35–0.7 M), and (17.30–0.14 M), respectively. 

In parallel, 100 µL of either DMSO (14.1 M), ethanol (16.7 M ), or methanol (34.6 M) was 

dispensed into the first row of 96-well microtiter plates and serially diluted (1:2 dilution) from 

the second row through to the eighth row, giving final concentration gradients of DMSO, 

ethanol, and methanol ranging from (7.07–0.06 M), (8.35–0.7 M), or (17.30–0.14 M), 
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respectively. As a positive control, the medium was used without indole supplementation or 

solvent. The microtiter plates were then inoculated with 10 µL of E. coli O103:H2 serotype to a 

final concentration of approximately 105 CFU/mL. Plates were then incubated aerobically for 24 

h at 37 °C to determine the lowest concentrations of the indole-containing solvents or indole-free 

solvents required to inhibit visible growth of E. coli O103:H2 cells.  

2.9.3. Minimum bactericidal concentration (MBC)  

In addition to the MIC values, the MBC values were determined for the STEC strains. To 

this end, 10-µL aliquots of each STEC culture (not grown in the ampicillin dilution wells used in 

the broth microdilution MIC assay), were plated on antibiotic-free TSA plates (Garcia 2010). 

These plates were then incubated aerobically at 37 °C for 24 h. After incubation, the colonies on 

each plate were enumerated. The MBC was recorded as the lowest ampicillin concentration 

required to reduce the CFU by 103. However, if the ratio of the MBC value to the MIC value was 

≤ 4, then the antibiotic was considered to be bactericidal against that strain (Pankey and Sabath 

2004). 

2.10.  Selection of persister cells 

The STEC strains were also tested to assess and quantify their potential to develop 

persister cells using the classic approach of antibiotic selection. The principle behind the classic 

approach method is based on exposing a culture of bacteria to a fatal dose of bactericidal 

antibiotic, which will rapidly destroy growing cells while leaving a small fraction of intact cells 

that are considered persister cells (Kaldalu et al. 2016b) (Figure 2.1). Overnight cultures of the 

different test STEC strains were prepared in different culture media (LB, TSB, or M9 medium), 

vortexed, and diluted (1:100) in the respective media. Next, 1-mL aliquots of the dilutions were 

transferred into 50-mL sterile centrifuge tubes containing 19 mL of respective test culture media 

(LB, TSB, or M9 medium) to obtain an initial inoculum containing approximately 105 CFU/mL. 

The cultures were then incubated aerobically at 37 °C until mid-exponential phase (which 

corresponded to a final OD600 = 0.2) as detected via periodic measurements with a 

spectrophotometer (Bio-Rad SmartSpec Plus, Mississauga, Canada). The incubation times 

needed to reach mid-exponential phase depended on the culture medium. Once the optical 

density reached 0.2 at 600 nm, the cultures were vortexed and 1-mL samples were serially 



64 

diluted. Aliquots from the appropriate dilution were then applied to the surface of Petri dishes 

containing the respective culture medium (TSA, MHIA, M9A, or/and TSAamp) followed by an 

aerobic incubation at 37 °C (unless otherwise specified) for 24 h (unless otherwise specified). 

This sample represented the total cells prior to antibiotic treatment.  

Immediately after, filter sterilized ampicillin was added to the remaining culture to a final 

concentration of 200 µg/mL (unless otherwise specified), and the cultures were incubated 

aerobically at 37 °C. Ampicillin was chosen due to its biocidal effect (which was determined as 

described above), and the ampicillin concentration was selected (greater than the MIC) to ensure 

that any recovered colonies are in fact persisters.  

Periodically, 1-mL aliquots of the cultures were removed and used to prepare dilution 

series in sterile saline from which samples were then placed on plates containing the specified 

culture medium (TSA, MHIA, M9A, or/and TSAamp). The plates were incubated aerobically at 

37 °C (unless otherwise specified) for 24 h (unless otherwise specified), and the resulting 

colonies were enumerated. Cell survival was calculated to measure the proportion of persisters 

from among the original total number of cells prior to antibiotic treatment. The proportion of 

recovered persister cells from different STEC strains along with the effects of ampicillin 

concentration (200 vs. 100 µg/mL), the cultivation media, the recovery plate type, and the 

incubation temperature on the proportion of persister cells were assessed. This approach enabled 

comparisons of the entire populations and allowed examination of strain-associated differences 

in  persister cell prevalence.  
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Figure 2.1. Selection of persister cells in a growing culture. The culture contains a mixture of rapidly 
(sensitive) or slow growing (tolerant) cells that are sensitive to antibiotics. The non-growing persister 
cells remain viable and can be subsequently cultured in the absence of antibiotic. 

 

 

2.11.  Effects of subculturing on persister cell formation 

To determine the effect that subculturing may have on the size of the persister cell fraction, 

some of these cells were isolated and exposed to a lethal concentration of ampicillin. Overnight 

cultures were vortexed and diluted in TSB, and then 1-mL aliquots of these dilutions were 

transferred to 50-mL sterile centrifuge tubes that contained 19 mL of TSB medium. The cultures 

were then incubated aerobically at 37 °C until an optical density of 0.2 at 600 nm was reached. 

Subsequently, each culture was vortexed, and a 1-mL aliquot was removed, serially diluted, and 

plated onto TSA and TSAamp plates followed by aerobic incubation at 37 °C for up to 48 h. In 

parallel, filter-sterilized ampicillin was added to a replicate (mid-exponentially grown) culture to 

a final concentration of 200 µg/mL, and incubation was continued for 8 h. After this period, the 

cultures were vortexed, and 1-mL samples were taken, serially diluted, and plated onto TSA and 

TSAamp plates followed by aerobic incubation at 37 °C for up to 48 h. The remaining cultures 

were then washed twice with sterile PBS to remove residual antibiotic, and the cell pellets were 

finally resuspended in 20 mL of TSB and incubated aerobically at 37 °C overnight. The 

overnight cultures were diluted (1:100) in TSB medium, and the previous procedure used for 

isolating persister cells was then applied. This approach allowed assessment of the effects of 

subculturing and early antibiotic exposure on persister cell development.  
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2.12.  Kovács assay 

20 mL of M9 (+/- 500 µM of indole) or TSB (+/- 500 µM of indole) was inoculated with 

an overnight culture of E. coli O103:H2 to give a final concentration of approximately 105 

CFU/mL. Next, the inoculated cultures were incubated aerobically at 37 °C for 24 h. After 

incubation, the OD600 and CFU/mL were measured, and the indole concentration was determined 

via Kovács assay, as previously described by (Darkoh et al. 2015; Domka et al. 2006). Briefly, a 

range of indole concentration standards (ranging between 0 to 300 µM) were prepared in the 

same medium used for determining the indole concentration, and 100 µL of each standard was 

added in triplicate to a 96-well microplate. Samples (I mL) of bacterial cultures (before and after 

incubation) were centrifuged at 10,000 rpm for 15 min (Eppendorf Centrifuge, Brinkmann 

instruments, Germany), and then 150 µL of the supernatant was tested to determine the indole 

concentration. A 225-µL aliquot of Kovács indole reagent (4-(dimethylamino)benzaldehyde 50 

g/L isoamyl alcohol 710 g/L hydrochloric acid 240 g/L) (67309; Kovács reagent for indoles, 

Millipore, Germany) was added to each well followed by incubation at room temperature for 2 

min. The reaction mixture produces two phases. 30 µL of the upper phase was added to 270 µL 

of HCl-amyl alcohol solution (the ratio of HCl to amyl alcohol was 1: 3 v/v) before measuring 

the indole concentration spectrophotometrically at 530 nm. The mean results of triplicate 

standard concentrations were used to construct a standard curve. 

2.13.  Effects of indole solvent on STEC growth 

To establish whether the solvents used to dissolve indole influences the growth of STEC 

strain, E. coli O103:H2 (a representative STEC strain) was grown in a medium supplemented 

with/without solvent (DMSO, ethanol, or methanol), and the cell density at 600 nm was 

measured over time. Sterile 96-well microtiter plates were filled with 100 µL of test media (TSB 

or M9). Next, 100 µL of either DMSO (14.1 M), ethanol (16.7 M ), or methanol (34.6 M) was 

dispensed into the first row of the 96-well microtiter plate and serially diluted (1:2 dilution) from 

the second row through to the eighth row, giving final concentrations of DMSO, ethanol, or 

methanol of (7.07–0.06 M), (8.35–0.7 M), or (17.30–0.14 M), respectively. For the positive 

control, the same media were used without solvent.  
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The microtiter plates were then inoculated with 10 µL of E. coli O103:H2 to give a final 

initial inoculum of approximately 105 CFU/mL. For the negative control, the media were not 

inoculated. Next, 100 µL of sterile mineral oil was added to prevent evaporation. The microtiter 

plates were incubated at 25 °C for 24 h, and the cell density was measured at 600 nm every 20 

min using the Bio-Rad Microplate Manager 6 software. The data were transferred to an Excel 

sheet, and the OD600 values were determined to monitor the E. coli O103:H2 growth in each 

medium (M9 or TSB) (+/- solvent at different concentrations). Furthermore, the growth rate of 

the tested STEC strain was determined in each medium using the OD600 values and calculated 

using the slope of ln OD600 versus time (Domka et al. 2006; McKernan 2015). The growth rate in 

each medium was taken as the average of three independent samples. 

2.14.  Effects of chemical agents (indole or EDTA) on the persister state  

To examine the effects of indole and EDTA on persister state, each chemical was added 

one hour prior to the antibiotic treatment. Overnight cultures of E. coli O103:H2 (a 

representative STEC strain) were diluted (1:100) in either (TSB or M9) prior to the inoculation 

of 1 mL into 20 mL of fresh media (TSB or M9) to obtain an initial inoculum approximately ~ 

105 CFU/mL. Next, the cultures were grown aerobically at 37 °C until an OD600 = 0.1 (unless 

otherwise specified) was reached before the addition of the test chemical. Two chemicals were 

examined: indole over a final concentration range from (0–1000 µM) and EDTA over a final 

concentration ranging from (0–100 µM). For the control samples, the solvent (i.e., DMSO, 

methanol, ethanol, or water) used for preparing the chemical agent stock was added at the same 

volume used for the tested chemicals.      

One hour after the addition of the chemical, 1-mL aliquots of samples were taken, washed 

twice with sterile PBS, serially diluted, and plated onto TSA agar, followed by aerobic 

incubation at 37 °C for 24 h. Immediately after, ampicillin was added to a final concentration of 

200 µg/mL, and incubation continued for 8 h. Subsequently, the culture was vortexed, 1-mL 

aliquots were taken 8 h after ampicillin exposure, washed twice with sterile PBS, and 

resuspended in 1 mL of sterile PBS. The samples were serially diluted and plated onto TSA and 

TSAamp plates. Plates were incubated aerobically at 37 °C for 24 h. This approach allowed 
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assessment of whether the inclusion of either indole or EDTA would effect a change in the 

proportion of persister cells for the various STEC strains.  

2.15.  Revival of cells from the persister state  

Media (TSB or M9) were inoculated with diluted overnight cultures of the test STEC 

serotypes (i.e., E. coli O157:H7 or E. coli O103:H2) and incubated aerobically at 37 °C to an 

OD600 = 0.2. Ampicillin was added to the cultures to a final concentration of 200 µg/mL 

followed by aerobic incubation at 37 °C for 8 h. Next, sterile 96-well microtiter plates were filled 

with 180 µL of the culture before the addition of 20-µL filter-sterilized aliquots of the test agents 

(ꞵ-lactamase or L-cysteine) to give a final ampicillin concentration range from 1:1 to 1:10. ꞵ-

lactamase was chosen to degrade the ampicillin, and L-cysteine was chosen as it has been 

demonstrated to increase the MIC values and reduce the redox potential (Annunziato 2019; 

Markowitz and Williams 1985). The ꞵ-lactamase (L6170; ꞵ-lactamase from Enterobacter 

cloacae, Sigma-Aldrich, Whitby, Canada) stock solutions were prepared in sterile dH2O. A 20 

µL of the sterilized ꞵ-lactamase stock solutions was added to microtiter plates to give final 

concentrations of 12.96–129.60 U (Unit = 1 µmol/min hydrolysis of benzylpenicillin at pH 7 at 

25C). The L-cysteine (C121800; L-Cysteine Hydrochloride hydrate, 99 %, Sigma-Aldrich, 

USA) stock solutions were also prepared in sterile dH2O. 20 µL of the filter-sterilized L-cysteine 

stock solutions  added to microtiter plates to give final concentration of 162–1620 µg/mL. For 

the control samples, 20 µL of sterile dH2O was added instead of test agent. The microtiter plates 

were incubated at 25 °C for 24 h, and the cell density was monitored by measuring the optical 

density at 600 nm every 20 min using the Bio-Rad Microplate Manager 6 software.  

2.15.1.  Disc diffusion assays 

Complementary studies were undertaken to determine whether ampicillin is degraded by ꞵ-

lactamase or L-cysteine using disc diffusion assays. The assay principle was adopted from a 

previous publication (Vineetha et al. 2015). Fresh medium (M9 or TSB) was inoculated with 

diluted overnight culture and incubated at 37 °C until an OD600 = 0.2 was reached. Next, 1-mL 

aliquots of the samples were taken, washed twice with sterile PBS, serially diluted, and plated 

onto TSA. Immediately, ampicillin was added to give a final concentration of 200 µg/mL, and 

incubation was continued for an additional 8 h. Finally, 1-mL aliquots of the samples were taken, 



69 

washed twice with sterile PBS, serially diluted, and plated onto TSA to determine the proportion 

of persister cells.  

Next, 0.9-mL aliquots of the 8 h post-ampicillin-treated cultures were transferred to sterile 

microtubes containing 0.1 mL of either ꞵ-lactamase or L-cysteine. For the control samples, 0.1 

mL of sterile dH2O was used. The ratio of ꞵ-lactamase or L-cysteine was 1:1 with ampicillin. In 

addition, DMSO and indole +/- ꞵ-lactamase was also tested to assess the influence of indole in 

maintaining the persister state. The tubes were then incubated for 24 h at 25 °C to replicate the 

same incubation conditions used for the microtiter plate samples. The numbers of colonies before 

and after the addition of ꞵ-lactamase, L-cysteine, or dH2O were determined using a culture-based 

method. In addition, these samples were then centrifuged (4,500 rpm for 5 min), and the 

supernatant was filter sterilized through 0.22-µm filters. The sterile supernatant was used to 

measure the ampicillin activity. Whatman Grade 1 filter paper was cut into discs (6-mm 

diameter) and sterilized via autoclaving. Next, sterile discs were placed in a sterile petri dish and 

inoculated with 20 µL of sterile supernatant. The petri dish was covered with a lid and incubated 

at 37 °C for 2 h to dry.   

After the discs were dried, overnight E. coli O103:H2 culture was adjusted with sterile 

dH2O to 0.5 McFarland turbidity standard and swabbed onto the surface of TSA plates. Next, the 

discs (containing the supernatants) were placed on the TSA surface using sterile tweezers. The 

plates were then incubated aerobically at 37 °C for 24 h to examine the zone of clearing in the 

bacterial lawns. This approach enabled assessment of whether ꞵ-lactamase or L-cysteine can 

mitigate the ampicillin effect.   

2.16.  Effects of soil extract on the growth of non-persister and persister 

populations  

Sterile 96-well microtiter plate were filled with 100 µL of test media (M9 and a 

combination of M9 and metabolic triggers extracted from soil) (Figure 2. 2). The first row of 

each microtiter plate was filled with either non-persister or persister cells of E. coli O103:H2. 

The second row was filled with 100 µL M9 medium. The third row was filled with 200 µL of the 

2 g/mL soil extract solution. The metabolic triggers were serially diluted (1:2 dilution) in M9 
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from the fourth through the eight rows. This approach allowed observation of the effects of the 

extracts on persistence, as indicated by their effects on cell growth. 

 
Figure 2. 2. Schematic representation of a prepared 96-well microtiter plate. 

 

The microtiter plates were then inoculated with 10 µL of persister or non-persister cells of 

O103:H2 to a final concentration of 103 CFU/mL. Each microtiter plate was covered with a lid 

and placed in an enclosed container with a sterile water-saturated towel to retain moisture during 

incubation. The microtiter plates were incubated aerobically at 37 °C for up to 96 h while the cell 

growth was monitored periodically by measuring the optical density at 600 nm using a BioTek 

PowerWave HT Microplate Spectrophotometer (BioTek, USA). The OD600 values were 

transferred to an Excel sheet, and the lag phase duration, growth yield, and the growth rates for 

each tested medium were determined for statistical analysis (Domka et al. 2006; McKernan 

2015).  

2.17.  Persister state induction by soil constituents   

To assess the induction of the persister state by the components of the soil microcosms, 

dialysis cassette membranes were used. The membrane of a 15 mL 2K MWCO Slide-A-Lyzer 

G2 dialysis cassette was hydrated in sterile dH2O for 2 min as indicated by the manufacturer 

(87719, Thermo Scientific). Next, each cassette was filled with 15 mL of M9 medium before 

being inoculated with 100 µL of model overnight cultures of the STEC strains. Next, each 

cassette was placed in a plastic deli container containing sandy loam, loam, or sand soil 

microcosms (unless otherwise specified) mixed with dH2O at a concentration of 2 g dry soil per 
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1 mL dH2O (Figure 2. 3). In addition, dialysis cassettes were placed in soft-agar (0.5 % w/v) 

(instead of soil), which mirrors the osmotic stress of soil, but without the nutrients and soil 

constituents. The containers were then covered with foil to retain moisture before aerobic 

incubation at room temperature for up to 21 days. For the positive control, a sterile conical tube 

was filled with 15 mL of M9 medium and inoculated with 100 µL of model overnight culture 

before being incubated. Non-inoculated dialysis cassettes were used as negative controls. After 

the incubation periods, the contents of the dialysis cassettes and the control samples were divided 

into pairs of tubes. 

Use of the first tube to assess the general population of antibiotic-tolerant cells (culturable 
persisters, VBNC persister cells, and tolerant types)   

After the incubation periods, the dialysis cassettes were removed from the containers. The 

cassette contents were transferred to 50 mL sterile tubes using a sterile serological pipette. The 

optical densities of the cassette contents were measured at 600 nm using a spectrophotometer 

(Bio-Rad SmartSpec Plus). 1-mL aliquots of the contents were removed as a control sample prior 

to antibiotic treatment. 10-mL samples of the cassette contents were exposed to ampicillin at a 

final concentration of 200 µg/mL and incubated aerobically at 37 ºC for 8 h. Next, 1-mL aliquots 

were removed and washed twice with sterile PBS, followed by pellet resuspension in 1 mL of 

sterile PBS. The samples were serially diluted and plated on the corresponding agar plates (M9A, 

TSA, M9amp, M9AL). The plates were then incubated aerobically at 37 °C for up to 48 h. 

Surviving cells were counted to measure the proportions of persisters within a sample versus the 

original number of cells (prior to antibiotic treatment).  

Use of the second tube to stimulate the growth of tolerant and culturable persister cells  

Alternatively, the cassette contents were diluted in 15 mL of M9 medium to give an 

approximate OD600 = 0.1 before aerobic incubation at 37 ºC for 2 h. 1-mL aliquots were removed 

as a control sample prior to antibiotic treatment, while 10-mL aliquots were exposed to 

ampicillin at a final concentration of 200 µg/mL before aerobic incubation at 37 ºC for 8 h. Next, 

1-mL aliquots were removed and washed twice with sterile PBS before resuspension of the 

pellets in 1 mL of sterile PBS. The samples were then serially diluted and plated on 

corresponding agar plates (M9A, TSA, M9amp, M9AL). The plates were aerobically incubated 
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at 37 °C for up to 48 h. Surviving cells were counted to measure the proportion persisters within 

a sample versus the original number of total cells (prior to antibiotic treatment). 

 

 
Figure 2. 3. Preparation of Slide-A-Lyzer dialysis cassette membranes filled with inoculated M9 medium 
before being placed in a plastic deli container containing soil microcosm mixed with dH2O at 
concentration of 2 g dry soil per 1 mL sterile dH2O. 

 

2.18.  BacLight staining assays 

In addition to the conventional plating method, the viable counts were measured using a 

hemocytometer at 400-fold magnification with the aid of fluorescent dyes. Two 1-mL samples of 

bacterial culture (one before and one after the ampicillin treatment) were stained with 3 µL of 

Live/Dead Baclight reagent and incubated in the dark for 15 min at room temperature as 

described by manufacturer (L7007, Thermo Fisher Scientific). After incubation, 15 µL of the 

sample was transferred to a hemocytometer, and the viable and dead cells were observed under a 

fluorescent microscope (Olympus BX60, Germany) at 480 nm and 535 nm. Live (viable) cells 

stained with SYTO9 exhibit green fluorescence while dead cells (non-viable) stained with both 

SYTO9 and propidium iodide (PI) exhibiting red fluorescence. To calculate the number of viable 

cells per mL of sample, the following formula was used: total number of live cells in four corners 

square/4 × dilution factor × 104. The survival ratios of persister cells were calculated as the ratio 

of the number of persister cells within a sample to the original number of total cells (prior to 

antibiotic treatment).  
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2.19.  Revival of VBNC cells  

A complementary enrichment technique was performed when no culturable cells were 

detected on agar plates after antibiotic exposure. Various broth media (TSB, TSB + 5% glycerol, 

M9, M9 + 5 % glycerol, and M9 + lettuce extract) were inoculated with samples before aerobic 

incubation at 37 ºC and 20 ºC for up to 7 days.   

2.20.  Experimental Design and Statistical Analysis 

After the enumeration of bacteria (pre and post-antibiotic treatment) via culture-based 

methods and/or viable microscopic counts, the colonies (as CFU/mL) or viable cells (as 

cells/mL) were counted to calculate the proportion of persister survivors. The proportion of 

persister cells was calculated using the following equation:  

Proportion of Persister Cells = 
 

 
 

Where:        N  = Recovered cells counted post-antibiotic treatment  

                    No = Initial cells counted pre-antibiotic treatment 

All experiments were carried out in triplicate (unless otherwise specified) and each sample 

was plated in duplicate. The data obtained for persister survival were statistically analyzed using 

ANOVA and Tukey’s test (IBM SPSS Statistics 26). The significance level was set at 95% 

certainty (p = 0.05). 
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CHAPTER III 

3. Results 

3.1. Induction of the persister state in Escherichia coli O157:H7 and non-

O157 STEC populations 

3.1.1. Effect of growth medium on ampicillin susceptibility patterns in STEC strains  

The results of the broth microdilution experiments (Table 3. 1) revealed that all tested 

STEC strains from different serotypes (i.e., O157:H7, O121:H19, O111:NM, O103:H2, O45:H2, 

and O26:H11) were susceptible to ampicillin, with MIC values between 8–2 µg/mL. The MIC 

values were found to depend on the test broth media. The test broth media (i.e., LB, MH, M9, 

and TSB) significantly influenced the MIC values with TSB medium resulting in the highest 

MIC value (8 µg/mL) compared to ≤ 4 µg/mL for the other tested media, irrespective of the 

tested STEC strains, (p = 0.001) (Table 3. 1). M9 medium resulted in the lowest MIC value (2 

µg/mL) with a significant difference compared with those in the other test media (p ≤ 0.001). LB 

and MH media showed similar MIC values (approximately 4 µg/mL) with no significant 

differences (p > 0.05) (Table 3. 1). In addition, there were no significant differences in the MIC 

values between strains within the same test medium.  

The MBC values for ampicillin for all tested strains ranged from 4–16 µg/mL with no 

significant differences observed between the MBC values within the same test medium (Table 3. 

1). However, the MBC values were significantly affected by the test STEC strains (p = 0.003). E. 

coli O103:H2 showed the highest MBC value (16 µg/mL) with significant differences compared 

with the MBC values ≤ 8 µg/mL against E. coli O111:NM and E. coli O26:H11, irrespective of 

test media (p ≤ 0.044) (Table 3. 1). Consequently, ampicillin (greater than the MIC) was 

selected for persister cell isolation in the subsequent trials.  
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3.1.2. The presence of a persister state and the effects of ampicillin concentration on 
STEC strains  

Trials were performed to determine whether the persister state is inducible in STEC (i.e., 

O157:H7, O121:H19, O111:NM, O103:H2, O45:H2, and O26:H11) and if so, whether inter-

strain variation existed. To this end, growing cultures were exposed to a high dose of ampicillin 

(i.e., 100 vs. 200 µg/mL), and the surviving cells were counted at different time points (Figure 3. 

1). The inactivation curves revealed that all tested STEC strains underwent non-linear 

inactivation kinetics. This process could be divided into three distinct phases. In Phase I, a rapid 

decline in the number of culturable cells was observed due to elimination of phenotypically 

sensitive cells (i.e., non-dormant cells) within one hour after antibiotic exposure. Phase II was 

characterized by a slower decline in cell number caused by the elimination of phenotypically 

tolerant cells, leading to the appearance of persister cells (i.e., dormant cells) in Phase III (Figure 

3. 1). In the first hour of ampicillin exposure, the E. coli populations were reduced by at least 

2.58 × 104 ± 4.97 and 2.31 × 104 ± 4.48 CFU/min when the ampicillin concentrations were 100 

and 200 µg/mL, respectively. The reduction rates in the first hour of ampicillin exposure were 

significantly higher compared with the other exposure time points (p ≤ 0.001), irrespective of the 

STEC strains. However, no significant differences in the proportions of surviving cells were 

found between 3 and 7 h post-ampicillin exposure, and these remaining cells comprised the 

persister population. It was found that irrespective of serotype, the persister population 

represented 0.01% of the original population (Figure 3. 1). Furthermore, high doses of 

ampicillin (i.e., 100 or 200 µg/mL) did not result in any significant differences in the proportions 

of persister cells when examined at individual time points (Figure 3. 1). Consequently, 200 

µg/mL ampicillin was selected for the subsequent trials to ensure the elimination of tolerant 

cells.   

3.1.3. Effects of recovery medium and incubation temperature on persister STEC 
survival  

It was found that persister cells formed 3 h after ampicillin exposure with no significant 

differences in the proportions of persister cells between 4 to 24 h post-ampicillin exposure, 

irrespective of the STEC strain (Figure 3. 2). Furthermore, the recovery plate media (i.e., TSA, 

LBA, and BHIA) and incubation temperatures (i.e., 37 °C for 24 h and 20 °C for 48 h) did not 

significantly influence the proportion of persister cells within the same test STEC strain, 
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indicating that the proportion of persister cells were independent of the recovery media 

composition and the incubation temperature (Figure 3. 2). No visible growth was seen on the 

TSAamp plates, indicating that these experiments did not select for ampicillin-resistant cells. 

However, at an incubation temperature of 20 °C, persister cells required at least 48 h to form 

colonies on agar plates compared to 24 h at an incubation temperature of 37 °C. No significant 

increases in the numbers of recovered colonies were observed after additional incubation (≥ 24 h 

at 37 °C or ≥ 48 h at 20 °C). Regardless of the recovery media or the incubation temperature, 

there were significant differences in the proportions of persister cells between the strains (p ≤ 

0.035) (Table 3. 2). These inter-strain differences were found to depend on the individual time 

points of persister isolation (Table 3. 2). For example, at 4 h post-ampicillin exposure, the 

O45:H2 serotype had a significantly higher proportion of persister cells (2.65 ×10-5 ± 7.55 ×10-6) 

compared to ≤ 6.62 ×10-6 ± 3.28 ×10-6  observed for all other tested serotypes tested (except for 

O103:H2) (p ≤ 0.021) (Table 3. 2). However, there were no significant differences in the 

proportions of persister cells between the STEC strains 6 h post-ampicillin exposure (Table 3. 

2). 

The MIC values of the surviving STEC cells isolated during the killing curve at different 

time points (1,7, and 12 h) were determined, and it was found that the isolated cells exhibited the 

same sensitivity towards ampicillin as the parental strains, with a MIC value of 4 µg/mL (Table 

3. 3). This observation indicates that persister cells only acquired temporary antibiotic resistance.  

Complementary experiments were performed to determine whether subculturing isolated 

persister cells in fresh media followed by ampicillin challenge for 8 h would increase the 

proportion of persister cells (Figure 3. 3). It was found that the proportion of persister cells was 

not influenced by subculturing (8 h post-exposure to ampicillin) under these conditions. These 

subcultures contained similar proportions of persister cells as their parent strains with no 

significant differences observed between the original strains and the subcultured treated strains 

(Figure 3. 3). These experiments indicate that persister cells represent a small subpopulation 

within an antibiotic susceptible population with no apparent selection for cells that can enter the 

persister state, which would likely be attributed to phenotypic rather that genotypic effects.    
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3.1.4. Effects of culture (TSB vs. M9) and recovery  (TSA vs. M9A) medium on yield of  
STEC persister cells  

Subsequent trials were performed to determine whether the proportions of persister cells 

depended on the growth media (i.e., rich TSB vs. defined M9) or enumeration on solid media 

(i.e., TSA vs. M9A). The results showed no significant differences in the proportions of persister 

cells on different cultivation media or recovery agar plates, irrespective of the STEC strain 

(Figure 3. 4). There were no significant differences in the proportions of persister cells between 

the STEC strains, irrespective of the cultivation and recovery plate media. However, it was 

observed that cultures grown in M9 medium required incubation for approximately 8 h to reach 

an OD600 of 0.2 (compared to approximately 4 h when grown in TSB medium). Similarly, cells 

on M9A plates required additional time to form visible colonies. These trials indicated that the 

cultivation media composition (i.e., TSB vs. M9) and recovery plate media (i.e., TSA vs. M9A) 

do not influence the proportions of persister cells, suggesting that the proportions of persister 

cells may indirectly independent depend on the growth rate.   
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Table 3. 1. Effects of broth media type on the ampicillin MIC (µg/mL) and MBC (µg/mL) values against 
the tested STEC strains 
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Figure 3. 1. Effect of ampicillin concentrations on the survival of STEC strains. Overnight cultures were 
diluted in LB and incubated at 37 °C to an OD600 of 0.2. Ampicillin A) (100 μg/mL) or B) (200 μg/mL) 
was added and incubation was continued. Samples were taken at different times and plated on LBA. 
Plates were incubated at 37 °C for 24 h and the survival levels were determined. Error bars represent the 
standard deviation of three replicate samples. 
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Figure 3. 2. Effects of plate media and incubation temperature on STEC persister cell survival. Overnight 
cultures of STEC serotypes: A) O157:H2, B) O121:H19, C) O111:NM, D) O103:H2, E) O45:H2, and F) 
O26:H11 were diluted in LB broth and incubated at 37 °C to an OD600 of 0.2. Ampicillin (200 μg/mL) 
was added and incubation was continued. At the designated time points, samples were taken and plated 
onto LBA, TSA, and BHIA. Plates were incubated either at 37 °C for 24 h or 20 °C for 48 h, and the 
survival levels were assessed. Error bars represent the standard deviation of three replicate samples. 
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Table 3. 2. Effect of ampicillin on STEC persister cell survival 

Time 
(hours) 

O157:H7 O121:H19 O111:NM O103:H2 O45:H2 O26:H11 

0 
1.00E+00 

± 
0.00E+00 A 

1.00E+00 
± 

0.00E+00 A 

1.00E+00 
± 

0.00E+00 A 

1.00E+00 
± 

0.00E+00 A 

1.00E+00 
± 

0.00E+00 A 

1.00E+00 
± 

0.00E+00 A 

1 
6.96E-04 

± 
6.10E-04 A 

2.42E-04 
± 

2.77E-05 A 

1.08E-04 
± 

2.73E-05 A 

6.76E-04 
± 

1.58E-04 A 

4.63E-04 
± 

2.36E-04 A 

2.67E-04 
± 

3.33E-05 A 

2 
5.97E-05 

± 
1.88E-05 A 

3.05E-05 
± 

3.49E-05 A 

5.19E-06 
± 

5.40E-06 A 

5.28E-05 
± 

2.84E-05 A 

1.54E-04 
± 

7.51E-05 A 

8.85E-05 
± 

1.02E-04 A 

3 
2.83E-06 

± 
2.65E-06 A 

1.29E-05 
± 

6.20E-06 A 

2.63E-06 
± 

1.68E-06 A 

4.26E-05 
± 

5.94E-05 A 

1.24E-04 
± 

1.87E-04 A 

2.11E-05 
± 

1.07E-05 A 

4 
7.67E-07 

± 
5.69E-07 aA 

6.62E-06 
± 

3.28E-06 aA 

2.04E-06 
± 

6.72E-07 aA 

1.44E-05 
± 

1.30E-05 AB 

2.65E-05 
± 

7.55E-06 aB 

4.24E-06 
± 

1.03E-06 aA 

5 
6.00E-07 

± 
2.65E-07 A 

1.05E-05 
± 

1.42E-05 A 

1.63E-06 
± 

4.98E-07 A 

2.65E-06 
± 

7.22E-07 A 

7.70E-06 
± 

9.28E-06 A 

2.19E-06 
± 

7.17E-07 A 

6 
5.33E-07 

± 
6.66E-07 aA 

4.46E-06 
± 

1.01E-06 AB 

1.41E-06 
± 

6.67E-07 aA 

1.95E-06 
± 

1.01E-06 aA 

7.30E-06 
± 

3.03E-06 aB 

1.17E-06 
± 

6.19E-07 aA 

7 
1.35E-06 

± 
2.21E-06 A 

2.62E-06 
± 

3.42E-06 A 

7.22E-07 
± 

6.96E-07 A 

1.42E-06 
± 

3.89E-07 A 

7.10E-06 
± 

5.21E-06 A 

8.15E-07 
± 

2.25E-07 A 

12 
9.50E-07 

± 
1.52E-06 A 

1.41E-06 
± 

1.63E-06 A 

2.78E-07 
± 

2.22E-07 A 

7.60E-07 
± 

3.65E-07 A 

4.30E-06 
± 

3.10E-06 A 

4.07E-07 
± 

1.40E-07 A 

24 
7.83E-07 

± 
1.23E-06 A 

8.21E-07 
± 

1.29E-06 A 

4.17E-07 
± 

6.50E-07 A 

2.16E-06 
± 

3.70E-06 A 

2.00E-07 
± 

2.60E-07 A 

1.20E-06 
± 

1.99E-06 A 
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Overnight cultures of the STEC strains were diluted in LB broth and incubated at 37 °C to an OD600 of 0.2. Ampicillin (200 μg/mL) was added and 
incubation was continued. At the designated time points, samples were taken and plated onto TSA. Plates were incubated at 37 °C for 24 h, and 
the survival levels were assessed. ± Value = standard deviation for three samples. a = A significant difference (p ˂ 0.05) in the proportions of 
survival between STEC strains within the same exposure time. A and B = non-significant difference (p > 0.05) in the proportions of survival 
between STEC strains within the same exposure time.  
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Table 3. 3. The MIC of ampicillin against isolated persister fractions of STEC strains determined from 
the killing curves in (Figure 3. 2.) 1, 7, and 12 h after exposure to 200 µg/mL ampicillin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Serotypes 
M.I.C.E MIC (µg/mL) 

control 1 h 7 h 12 h 

O157:H7 4 4 4 4 

O121:H19 4 4 4 4 

O111:NM 4 4 4 4 

O103:H2 4 4 4 4 

O45:H2 4 4 4 4 

O26H:11 4 4 4 4 
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Figure 3. 3. Impact of subculturing on STEC persister cell survival. Overnight cultures of STEC 
serotypes (O157:H7, O121:H19, O111:NM, O103:H2, O45:H2, or O26:H11) were diluted in TSB and 
incubated at 37 °C to an OD600 of 0.2. Ampicillin (200 μg/mL) was then added and incubation was 
continued for 8 h. Samples were taken and plated onto TSA. The cultures were washed twice with PBS 
followed by pellet resuspension in 20 mL TSB and incubation overnight at 37 °C. The overnight cultures 
were diluted and then treated as described above. The survival rates of the persister cells were assessed. 
Error bars represent the standard deviation of three replicate samples. 
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Figure 3. 4. Effect of cultivation media (M9 and TSB) and recovery media (TSA and M9A) on STEC 
persister cell survival. Overnight cultures of STEC serotypes (O157:H7, O121:H19, O111:NM, O103:H2, 
O45:H2, or O26:H11) were diluted either in M9 or TSB and incubated at 37 °C to an OD600 of 0.2. 
Ampicillin (200 μg/mL) was added and incubation was continued for 8 h. Samples of the cultures were 
taken and plated either on M9A or TSA. Plates were incubated at 37 °C for up to 48 h and the survival 
levels were assessed. Error bars represent the standard deviation of three replicate samples. 
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3.2. Persister state induction 

3.2.1. The effect of indole on the persister state of E. coli O103:H2  

Baseline studies were performed to determine whether the test STEC serotypes (i.e., 

O157:H7, O121:H19, O111:NM, O103:H2, O45:H2, and O26:H11) produce indole, which could 

regulate persister state induction. The results indicated that all tested STEC strains produce 

indole when cultured in TSB medium, while indole production was not detected in M9 medium 

(Table 3. 4). These results illustrate that indole production by STEC likely depends on the 

culture medium composition and likely the availability of tryptophan. Furthermore, the 

concentration levels of indole produced by E. coli O103:H2, a representative STEC serotype, in 

TSB or M9 media were also assessed and found to be below the detection limit (< 50 µM) 

(Figure 3. 5).  

To select an appropriate solvent to dissolve indole, we investigated the effects of various 

solvents (i.e., DMSO, ethanol, and methanol) on the growth of E. coli O103:H3. The results 

(Figure 3. 6 and Figure 3. 7) revealed that the presence of solvents in the media influenced the 

growth of E. coli O103:H2. High concentrations of DMSO (≥ 1.76 M), ethanol (≥ 2.09 M), or 

methanol (≥ 4.33 M) in the media inhibited the growth of E. coli O103:H2 compared with its 

growth in control media (i.e., TSB or M9 without solvent) (p ≤ 0.001). Addition of DMSO (≤ 

0.44 M), ethanol (< 0.07 M), or methanol (< 0.14 M) to TSB medium or DMSO (≤ 0.22 M), 

ethanol (≤ 0.26 M), and methanol (≤ 0.54 M) to M9 medium did not show any significant effects 

on the growth rate of E. coli O103:H2 compared with the controls (no solvent) (Table 3. 5).  

The antimicrobial effects of indole dissolved in various solvents (i.e., DMSO, ethanol, and 

methanol) against E. coli O103:H2 were further assessed (Table 3. 6). It was found that the 

indole MIC values were significantly affected by the presence of solvent, irrespective of medium 

type (p = 0.003). The MIC value of indole with a final concentration either 0.88 M DMSO, 1.04 

M ethanol, or 2.16 M methanol was 2000 µM in M9 medium. In TSB medium, the MIC value of 

indole containing a final concentration of either 1.76 M DMSO, 2.09 M ethanol, or 4.33 M 

methanol was 4000 µM. From these observations, it was concluded that the concentrations of the 

solvents in which indole was dissolved (and not indole itself) were responsible for the MIC 

values observed for E. coli O103:H2 culture. Therefore, additional indole trials were performed 
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with final solvent concentrations of 0.07 M DMSO, 0.08 M ethanol, or 0.17 M methanol, which 

were shown to not affect bacterial growth. With this modification, the results revealed that the 

indole MIC values were 8000 µM in M9 medium and higher than 8000 µM in TSB. Indole 

concentrations higher than 8000 µM could not be tested due to clumping and precipitation of 

indole in the media even with incubation at 37 °C. These data suggest that indole concentrations 

≤ 8000 µM do not alter the E. coli O103:H2 MIC values when tested in TSB medium.  

The effect of indole (125–1000 µM) containing a final non-inhibitory concentration of 

DMSO (0.07 M) on the persister state of E. coli O103:H2 was determined (Figure 3. 8). Indole 

was added to growing E. coli O103:H2 cultures in either TSB or M9 media at OD600 of 0.1 for 

one hour before exposure to ampicillin for 8 h. The results revealed that the indole addition did 

not significantly affect the proportions of persister cells when compared with those in the control 

(media + dH2O) or media + 0.07 M DMSO (p > 0.05) (Figure 3. 8). No significant differences 

were observed in the proportions of E. coli O103:H2 persister cells between media supplemented 

with dH2O or DMSO (p > 0.05) (Figure 3. 8). Likewise, indole containing sub-inhibitory 

concentrations of solvent (i.e., 0.7 M DMSO, 0.8 M ethanol, or 1.73 M methanol) did not 

significantly influence the proportions of E. coli O103:H2 persister cells compared with that in 

the control medium (p > 0.05) (Figure 3. 9). Furthermore, the presence of the solvents alone 

(i.e., without indole) did not significantly influence the proportions of E. coli O103:H2 persister 

cells compared with those of the controls (Figure 3. 9). These findings suggest that the 

introduction of indole containing either non-inhibitory or sub-inhibitory concentrations of 

solvents to early exponential phase cultures does not induce the persister state in E. coli 

O103:H2.  

The effect of media (i.e., TSB vs. M9) supplemented with/without 0.07 M DMSO or 500 

µM indole containing 0.07 M DMSO were also assessed (Figure 3. 10). The test media were 

inoculated with E. coli O103:H2 followed by incubation for 24 h before the addition of 

ampicillin. The results demonstrated that there were no significant differences in the proportions 

of persister cells between the test media (-/+ indole or solvent) (Figure 3. 10), suggesting that 

indole does not alter the proportion of persister cells when persisters are selected during 

stationary phase. In addition, in media (i.e., TSB vs. M9) supplemented with 500 µM indole to 

determine the residual indole level after 24 h of incubation or 8 h post-ampicillin exposure, no 
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significant increases or decreases in indole levels were detected compared with that at time zero 

(Figure 3. 5), suggesting that indole is insufficiently toxic to E. coli to induce a persister state.  

3.2.2. The effect of EDTA on the persister state of E. coli O103:H2  

In addition to indole, the influence of EDTA on the persister state in E. coli O103:H2 was 

investigated. EDTA is a chelating agent with a preference for divalent metal ions such as 

Ca2+ and Fe2+ (Heindorff et al. 1983; Münz 2017). Iron deficiency disrupts various bacterial 

processes, such as protein synthesis, electron transport, and enzymatic activities (Messenger and 

Barclay 1983), which could modulate the persister state. In the current study, EDTA (0–100 µM) 

was added to early exponential E. coli O103:H2 cultures (i.e., OD600 ≈ 0.1) in either TSB or M9 

media for one hour before ampicillin exposure. The results revealed that the addition of EDTA 

did not significantly alter the proportions of persister cells in E. coli O103:H2 compared with 

that in the control sample (medium + dH2O) in the same medium (Figure 3. 11). There were also 

no significant differences in the proportions of persister cells in M9 and TSB media compared 

with those in the control samples (p = 0.19). Nevertheless, addition of EDTA to the medium 

prior to ampicillin treatment did not significantly alter the proportion of persister cells in E. coli 

O103:H2 relative to that in the non-supplemented medium.  
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Table 3. 4. Indole production results for STEC serotypes. 

Test Serotype 
Indole production in 

TSB 
Indole production in 

M9 

O157:H7 + - 

O121:H19 + - 

O111:NM + - 

O103:H2 + - 

O45:H2 + - 

O26:H11 + - 

Media (i.e., TSB and M9) were inoculated with the test STEC serotypes (i.e., O157:H7, O121:H19, 
O111:NM, O103:H2, O45:H2, and O26:H1), and  Kovac’s reagent was added to each tube after 
incubation at 37°C for 24 h. The formation of a red-violet compound indicated indole production.  
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Figure 3. 5. Comparative quantification of the indole concentrations in supernatant from E. coli O103:H2 
cultures grown in different media. M9 or TSB media (+/- 0.07 M DMSO or 500 µM indole containing 
0.07 M DMSO) were inoculated with E. coli O103:H2 and incubated at 37 °C for 24 h. The indole 
concentrations in the supernatants before inoculation (Time 0) and after 24 h of incubation (Time 24) 
were measured using Kovac’s assay. In addition, bacterial cultures were exposed to ampicillin (200 
μg/mL) for 8 h, and the indole concentrations in the supernatants were measured (Time 8 h post-
ampicillin). Error bars represent the standard deviation of three replicates samples. 
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Figure 3. 6. Effects of various indole solvents (TSB +/- DMSO, ethanol, and methanol) on E. coli 
O103:H2 growth. O103 STEC cultures were inoculated into TSB medium containing the various indole 
solvents (A) DMSO, (B) ethanol, (C) methanol at different concentrations to give a final initial inoculum 
of approximately 105 CFU/mL. The microplates were incubated at 25 °C, and the absorbance at 600 nm 
was measured every 20 min. The OD600 values are the average of three replicate samples.  
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Figure 3. 7. Effects of various indole solvents (M9 +/- DMSO, ethanol, and methanol) on E. coli 
O103:H2 growth. O103 STEC cultures were inoculated into the TSB medium containing indole solvents 
(A) DMSO, (B) ethanol, (C) methanol at different concentrations to give a final initial inoculum of 
approximately 105 CFU/mL. The microplates were incubated at 25 °C, and the absorbance at 600 nm was 
measured every 20 min. The OD600 values are the average of three replicate samples.  
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Table 3. 5. The final OD600 values and growth rates of E. coli O103:H2 grown in media containing 
different solvents.  

Medium Solvent 
Concentration 

(M) 
Ave ultimate OD600 

(n=3) 
Growth rate /h 

(n=3) 

TSB 

DMSO 

0.00 0.420 ± 0.01 aA 0.35 ± 0.01 aA 
0.88 0.261 ± 0.03 aB 0.24 ± 0.03 a 
0.44 0.314 ± 0.01 ABC 0.33 ± 0.01 A 
0.22 0.356 ± 0.04 AC 0.35 ± 0.01 A 
0.11 0.386 ± 0.04 AC 0.31 ± 0.00 A 
0.06 0.365 ± 0.02 AC 0.34 ± 0.02 A 

Ethanol 

0.00 0.420 ± 0.01 aA 0.35 ± 0.01 aA 
1.04 0.208 ± 0.02 aB 0.21 ± 0.00 a 
0.52 0.224 ± 0.02 aB 0.25 ± 0.02 a 
0.26 0.329 ± 0.03 aC 0.30 ± 0.01 aB 
0.13 0.348 ± 0.02 aC 0.31 ± 0.00 aB 
0.07 0.368 ± 0.00 AC 0.32 ± 0.01 aB 

Methanol 

0.00 0.420 ± 0.01 aA 0.35 ± 0.01 aA 
2.16 0.203 ± 0.05 a 0.19 ± 0.01 a 
1.08 0.287 ± 0.01 aB 0.29 ± 0.01 aB 
0.54 0.303 ± 0.03 aB 0.30 ± 0.02 aB 
0.27 0.346 ± 0.01 AB 0.31 ± 0.01 aB 
0.14 0.342 ± 0.03 aB 0.31 ± 0.01 aB 

M9 

DMSO 

0.00 0.181 ± 0.02 aA 0.15 ± 0.00 aA 
0.88 0.118 ± 0.01 aB 0.11 ± 0.01 aB 
0.44 0.142 ± 0.01 aB 0.13 ± 0.01 aC 
0.22 0.132 ± 0.01 aB 0.15 ± 0.01 A 
0.11 0.142 ± 0.01 aB 0.15 ± 0.00 AC 
0.06 0.132 ± 0.01 aB 0.14 ± 0.00 AC 

Ethanol 

0.00 0.181 ± 0.02 aA 0.15 ± 0.00 aA 
1.04 0.095 ± 0.01 aB 0.06 ± 0.02 a 
0.52 0.118 ± 0.01 aBC 0.10 ± 0.01 aB 
0.26 0.126 ± 0.01 aBC 0.14 ± 0.01 A 
0.13 0.147 ± 0.01 aC 0.14 ± 0.01 A 
0.07 0.142 ± 0.02 aC 0.13 ± 0.00 AB 

Methanol 

0.00 0.181 ± 0.02 aA 0.15 ± 0.00 aA 
2.16 0.097 ± 0.01 a 0.05 ± 0.01 a 
1.08 0.132 ± 0.01 aB 0.10 ± 0.01 a 
0.54 0.155 ± 0.01 AB 0.14 ± 0.00 A 
0.27 0.164 ± 0.01 AB 0.13 ± 0.00 A 
0.14 0.162 ± 0.01 AB 0.14 ± 0.01 A 

Cultures of E. coli O103:H2 were inoculated into either TSB or M9 medium containing solvent (DMSO, 
ethanol, or methanol) to give a final initial inoculum of approximately 105 CFU/mL. The microplates 
were incubated at 25 °C, and the absorbance at 600 nm was measured over time. The final OD600 values 
and the final growth rates per hour represent the averages of three replicate samples. ± Value = standard 
deviation for three samples. a = significant difference (p ˂ 0.05) compared to concentration = 0.00. A, B 
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and C = within columns (per-solvent within the same medium) followed by the same letter are not 
significantly different from each other. 

 

 

 

 

 

 

 

Table 3. 6. Effects of TSB and M9 broth media on the MICs of indole solvents and indole against the E. 
coli O103:H2 serotype 

M
ed

iu
m

 MICs of solvents (M) and indole (µM) 
n = (3) 

DMSO 
Indole in 

DMSO 
Ethanol 

Indole in 

Ethanol 
Methanol 

Indole in 

Methanol 

TSB 1.76 M 
4000 µM in 

1.76 M 
2.09 M 

4000 µM in 

2.09 M 
4.33 M 

4000 µM in 

4.33 M 

M9 1.76 M 
2000 µM in 

0.88 M 
1.04 M 

2000 µM in 

1.04 
2.16 M 

2000 µM in 

2.16 M 

MIC values are the average of three replicate samples. 
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Figure 3. 8. Effects of indole concentrations and cultivation media on the proportions of E. coli O103:H2 
persister cells. Overnight cultures were diluted in either M9 or TSB media and incubated at 37 °C to an 
OD600 of 0.1. Indole (0–1000 μM), 0.07 M DMSO, or dH2O was added and incubation continued for 1 h 
before the addition of ampicillin to a final concentration of 200 μg/mL. Samples were taken before and 
after ampicillin treatment to determine the proportions of persister cells. Error bars represent the standard 
deviation of three replicate samples. 
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Figure 3. 9. Effects of the addition of indole containing sub-inhibitory concentration of solvents to 
growing E. coli O103:H2 cultures at an OD600 of approximately 0.1 on the persister cell proportions. 
Overnight cultures were diluted in TSB media and incubated at 37 °C to an OD600 of 0.1. Indole (500 or 
1000 μM), 0.7 M DMSO, 0.8 M ethanol, 1.73 M methanol, or dH2O was added and incubation continued 
for 1 h before the addition of ampicillin to a final concentration of 200 μg/mL. Samples were taken before 
and after ampicillin treatment to determine the proportions of persister cells. Error bars represent the 
standard deviation of three replicate samples. 
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Figure 3. 10. The formation of persister cells in E. coli O103:H2 cultures grown for 24 h in indole-
supplemented media. Overnight cultures were diluted in either M9 or TSB media (+/- 0.07 M DMSO or 
500 µM of indole containing 0.07 M DMSO) and incubated at 37 °C for 24 h. After inoculation, 
ampicillin (200 μg/mL) was added, and the proportions of persister cells were determined. Error bars 
represent the standard deviation of three replicate samples. 
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Figure 3. 11. Effects of various EDTA concentrations and cultivation media on the proportion of E. coli 
O103:H2 persister cells. Overnight cultures were diluted in either M9 or TSB media and incubated at 37 
°C to an OD600 of 0.1. EDTA (0–100 μM) was added and incubation continued for 1 h before the 
addition of ampicillin to a final concentration of 200 μg/mL. Samples were taken before and after 
ampicillin treatment to determine the proportions of persister cells. Error bars represent the standard 
deviation of three replicate samples. 
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3.3. Revival from the persister state  

To establish whether alleviation of antibiotic stress is sufficient to revive cells from the 

persister state, ꞵ-lactamase or L-cysteine at concentrations ranging from 10:10 to 1:10 ratio with 

ampicillin were assessed. The results revealed that addition of ꞵ-lactamase to a culture 

containing ampicillin significantly increased the revival of persister cells after an initial lag 

period of longer than 6 h compared with the lag period in the control (no addition of ꞵ-

lactamase) (p = 0.001) (Figure 3. 12 and Figure 3. 13). This effect occurred irrespective of 

STEC test serotypes (i.e., both E. coli O157:H7 and E. coli O103:H2), media type (i.e., M9 vs. 

TSB) or ꞵ-lactamase concentration (12.96–129.60 U). There were no significant differences in 

growth resumption at various ꞵ-lactamase concentrations within the same growth media, 

indicating that ꞵ-lactamase degrades residual ampicillin to a level that allows cells to exit the 

persister state even at the lowest tested concentration (13 U). Ampicillin degradation was 

confirmed via disc diffusion assays, which showed that addition of 13 U ꞵ-lactamase to the 

ampicillin-containing cultures did not result in clearing zones (≤ 6 mm) on the bacterial lawn 

compared with the effect in the control (Figure 3. 14). Furthermore, the revival of cells (i.e., E. 

coli O157:H7 and E. coli O103:H2 ) from the persister state in TSB medium resulted in a 

significantly higher growth yield (OD600 ≥ 0.612) after 24 h of incubation compared with the 

yield in M9 (OD600 ≤ 0.251) (p = 0.001), irrespective of the ꞵ-lactamase concentration (Figure 3. 

12 and Figure 3. 13). These differences in growth yields between media might be attributed, at 

least in part, to nutrient availability. Moreover, there were no significant differences in the lag 

phase of persister cell revival after ꞵ-lactamase addition between the E. coli O157:H7 and E. coli 

O103:H2 serotypes within the same test media.  

L-cysteine was also investigated as it has been demonstrated to increase the MIC values in 

addition to reducing the redox potential (Annunziato 2019; Markowitz and Williams 1985). In 

the current study, L-cysteine (162–1620 µg/mL) was added to ampicillin-containing cultures to 

determine the L-cysteine concentrations that sufficiently allowed cells to exit from the persister 

state. The results showed that L-cysteine addition did not restore growth of the test STEC strains, 

indicating that L-cysteine does not revive cells from the persister state in the presence of residual 

ampicillin (data not shown). However, there was no resumption of growth in the control samples 

even after 24 h of incubation, indicating that the remaining ampicillin is active, thereby 
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maintaining the persister state. The control and L-cysteine trials showed clearing zones on the 

bacterial lawn when ampicillin activity was detected, indicating that the ampicillin remained 

sufficiently active to prevent cells from exiting the persister state (Figure 3. 14). 

Further determination of the numbers of culturable cells before and after ꞵ-lactamase (13 

U) or L-cysteine (162 µg/mL) addition to E. coli O103:H2 ampicillin-containing cultures showed 

that ꞵ-lactamase significantly increased the number of culturable cells in M9 medium (6.75 ± 

0.94 log10 CFU/mL) compared with those in the control (3.33 ± 0.39 log10 CFU/mL) or L-

cysteine (3.27 ± 0.21 log10 CFU/mL) (p = 0.001) (Table 3. 7). The same effect was observed in 

TSB medium (Table 3. 7). However, L-cysteine supplementation did not result in significant 

increases or decreases in the number of culturable cells compared with that in the control after 24 

h of incubation (Table 3. 7). 

The presence of ꞵ-lactamase with either DMSO alone or indole with a non-inhibitory 

concentration of DMSO did not significantly influence the number of culturable cells compared 

with that in the culture treated with ꞵ-lactamase alone, suggesting that indole does not maintain 

the persister state (Table 3. 7).  
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Figure 3. 12. Effect of ꞵ-lactamase on revival from the persister state in STEC grown in TSB medium 
containing ampicillin. TSB medium was inoculated with diluted overnight culture of (A) O157:H7 or (B) 
O103:H2 STEC and incubated to an OD600 of 0.2. The cultures were then exposed to ampicillin (200 
µg/mL) for 8 h. The treated cultures were dispensed into a microtiter plate, and ꞵ-lactamase was added to 
final concentrations between 0 and 129.60 U. The microplates were incubated at 25 °C, and the 
absorbance at 600 nm was measured every 20 min. The OD600 values are the average of three replicate 
samples. 
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Figure 3. 13. Effect of ꞵ-lactamase on revival from the persister state in STEC grown in M9 medium 
containing ampicillin. M9 medium was inoculated with diluted overnight culture of (A) O157:H7 or (B) 
O103:H2 STEC and incubated to an OD600 of 0.2. The cultures were then exposed to ampicillin (200 
µg/mL) for 8 h. The treated cultures were dispensed into a microtiter plate, and ꞵ-lactamase was added to 
final concentrations between 0 and 129.60 U. The microplates were incubated at 25 °C, and the 
absorbance at 600 nm was measured every 20 min. The OD600 values are the average of three replicate 
samples. 
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Table 3. 7. E. coli O103:H2 cell counts in cultures treated with ꞵ-lactamase, L-cysteine, and indole after 
8 h of ampicillin exposure. 

                                 Medium 

  Treatment 
M9 

Log10 CFU/mL 
TSB 

Log10 CFU/mL 

8 h post ampicillin (initial counts) 4.10 ± 0.12 aA 2.86 ± 0.48 aA 

dH2O (control) 3.33 ± 0.39 bAB 1.81 ± 0.44 bA 

ꞵ-lactamase 6.75 ± 0.94 abC 7.09 ± 0.45 abB 

L-cysteine 3.27 ± 0.21 AB 1.94 ± 0.10 A 

ꞵ-lactamase + 0.07 M DMSO 6.75 ± 0.06 abC 6.94 ± 0.31 abB 

ꞵ-lactamase + 500 µM indole 6.73 ± 0.10 abC 6.51 ± 0.66 abB 

ꞵ-lactamase + 1000 µM indole 6.30 ± 0.35 abC 6.57 ± 0.50 abB 

0.07 M DMSO 3.14 ± 0.12 AB 1.91 ± 0.13 A 

Indole 500 µM 3.25 ± 0.07 AB 1.88 ± 0.24 A 

Indole 1000 µM 2.99 ± 0.08 aB 1.90 ± 0.10 A 

M9 or TSB media were inoculated with diluted overnight culture of E. coli O103:H2 and incubated to an 
OD600 of 0.2. The cultures were then exposed to ampicillin (200 µg/mL) for 8 h. Next, 0.9-mL aliquots 
of the 8 h ampicillin-treated E. coli O103:H2 cultures were transferred to sterile microtubes containing 
0.1 mL of either ꞵ-lactamase, L-cysteine, or dH2O. The ratio of ꞵ-lactamase or L-cysteine to ampicillin 
was 1:1. In addition, DMSO and indole +/- ꞵ-lactamase was also tested to determine the effect of indole 
on maintaining the persister state. These samples were incubated at 25 °C for 24 h. The numbers of 
colonies before and after ꞵ-lactamase, L-cysteine, or dH2O addition were determined. Shown is the 
average log10 CFU/mL for three replicate samples. ± Value = standard deviation for three samples. a = 
significant difference in log10 CFU/mL (p ˂ 0.05) compared to time 0 (8 h post ampicillin). b = significant 
difference in log10 CFU/mL (p ˂ 0.05) compared to control (dH2O). A, B and C = within columns (per 
medium type) followed by the same letter are not significantly different from each other. 
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Figure 3. 14. Disc filter paper (6 mm diameter) placed on TSA plates inoculated with E. coli O103:H2. 
Samples of 8 h post ampicillin-treated E. coli O103:H2 cultures were transferred to sterile microtubes, 
and 0.1-mL aliquots of either (A) ꞵ-lactamase, (B) dH2O (control), or (C) L-cysteine were added. The 
final concentrations of the agents were at a 1:1 ratio to the ampicillin concentration. Tubes were incubated 
for 24 h at 25 °C before being centrifuged. Supernatant samples were filter sterilized, and 20-µL aliquots 
were transferred to sterile filter paper discs. The discs were dried and placed onto TSA plates inoculated 
with E. coli O103:H2. Plates were incubated at 37 °C for 24 h and examined for a zone of clearing.   
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3.4. The role of soil on modulating the persister state in STEC  

3.4.1. Soil analysis 

Toxigenic E. coli can be introduced into the environment via use of manure as an organic 

amendment during crop production. Currently, the common approach for mitigating the risk of 

manure-associated STEC is to wait for periods of 90 or 120 days between application and 

harvesting, as these time periods are thought to allow pathogen die-off. However, survival of E. 

coli in manure-amended soil has been found to extend beyond 120 days with a small sub-

population persisting over extended periods (Islam et al. 2005). It is plausible that these 

subpopulations consist of persister cells with intrinsic environmental stress tolerance.  

In the current study, we investigated how soil constituents could potentially modulate the 

induction and revival of STEC persister cells. To this end, loam and sandy-loam soil was 

obtained for experiments. The loam soil was shown to have higher percentages of silt and clay 

compared with those in sandy-loam soil (Table 3. 8). Conversely, the sandy-loam soil was 

shown to have a higher percentage of sandy particles compared with that in loam soil. 

Consequently, the loam sample has a texture of silt loam, while the sandy-loam sample had a 

texture of fine sandy-loam according to the Standard Soil Textural Triangle (USDA, 2020). The 

water content of the loam soil was found to be 34%, while the sandy-loam soil contained 11% 

water. The pH of the loam soil was 7.75 compared to 6.67 for sandy-loam. No indole (< 50 µM) 

was detected in either soil type. 

Compared with the sandy-loam soil, the loam soil had a 3.2-fold higher total carbon 

content (Table 3. 9). Furthermore, the loam soil contained 3.85-, 4.31-, 2.87-, 4.16-, 12.56-, 

6.33-, 3.75-, 1.22-, and 2.50-fold higher concentrations of phosphorus, magnesium, potassium, 

calcium, zinc, copper, nitrogen, nitrate, and iron, respectively, relative to the levels in the  sandy-

loam soil (Table 3. 9).  

3.4.2. The effects of soil extracts on persister state maintenance in E. coli O103:H2  

Trials were performed to establish whether soil extracts (i.e., loam vs. sandy-loam soils) 

could revive or maintain the persister state in E. coli O103:H2, a representative STEC serotype. 

In addition, the effects of soil extracts on supporting E. coli O103:H2 cell growth were also 



108 

assessed. The growth of E. coli O103:H2 cultures and persister cultures in soil extract was 

measured and compared. The soil extract (i.e., loam vs. sandy-loam soils) was prepared by 

mixing soil with dH2O (2 g/ml) and allowing it to infuse prior to centrifugation and filter 

sterilization.  

A persister E. coli O103:H2 culture was generated via addition of ampicillin (200 µg/mL) 

to a growing culture with a subsequent 8h incubation. In parallel, the growth of an overnight 

culture of E. coli O103:H2 in soil extract was performed as a control. It was found that the 

overnight culture grew in soil extract following a 4-h lag period with the persister cells exiting 

lag phase after 7 h (Figure 3. 15 and Table 3. 10). There were no significant differences in 

growth rate or final optical density between the different cultures or soil types. Nevertheless, E. 

coli O103:H2 grew slower in soil extract than in M9 media supplemented with different volumes 

of soil extract. This effect was likely due to lower relative levels of nutrients in the soil extracts 

(i.e., loam and sandy-loam soils) compared with those in M9 media. Collectively, these results 

suggest that while soil extracts represent a relatively poor nutrient source, they do not have 

antimicrobial or signal constituents to maintain the persister state in E. coli O103:H2.  

3.4.3. The roles of loam and sandy-loam soil microcosms on modulating the persister 
state of STEC strains  

The effects of soil constituents on persister state induction in representative STEC 

serotypes (i.e., O157:H7, O103:H2, and O26:H11) were assessed. These strains were 

individually introduced into a dialysis cassette membrane containing M9 medium and incubated 

in saturated loam or sandy-loam soil microcosms for 1, 14, or 21 days. After the incubation 

period, the dialysis cassettes were removed, and cassette contents were divided into pairs of 

tubes. Ampicillin was added to the first tube and left for 8 h to assess the general population of 

antibiotic-tolerant cells (culturable persisters, VBNC persister cells, and tolerant types). M9 was 

added to the second tube followed by incubation for two hours to stimulate growth of tolerant 

and culturable persister cells that were subsequently challenged (inactivated) with ampicillin for 

8 h, thus leaving VBNC cells. In addition, tubes containing M9 medium inoculated with the test 

STEC strains and incubated for 1, 14, or 21 days were also divided into pairs of tubes following 

the same procedure applied to the cassette contents. In both cases, the cells were enumerated via 

viability staining (non-culture-based) and plating onto M9 agar (culture-based). In summary, the 
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principle of this assay was that challenging the cultures after removing them from the soil 

microcosm would provide an estimate of the total number of persister cells (both culturable and 

non-culturable). Growth of the cells in M9 prior to ampicillin addition would differentiate the 

culturable persister cells from the VBNC fraction, which would remain unculturable but retain 

viability.  

Compared with the cultures diluted in fresh medium and permitted to grow prior to 

antibiotic addition, the cultures incubated in M9 without soil for up to 21 days showed 

significantly higher proportions of culturable and non-culturable persister cells (Figure 3. 16 and 

Table a. 1). This observation suggests that not all cells revive from dormancy (i.e., VBNC cells) 

when the cultures are diluted in fresh medium and permitted to grow prior to antibiotic addition. 

In addition, it was found that the E. coli O103:H2 serotype showed a significantly higher 

proportion of persister cells (4.28 ×10-2 ± 2.17 ×10-2) when enumerated via viability staining 

compared with the proportion of the E. coli O26:H11 serotype (4.99 ×10-3 ± 1.81 ×10-4) when 

the samples were diluted and permitted to grow prior to ampicillin exposure after incubation for 

one day in M9 without soil (p = 0.024) (Table a. 1). This observation suggests that the E. coli 

O103:H2 serotype had a higher proportion of VBNC cells relative to the E. coli O26:H11 

serotype.  

When E. coli cells were incubated in loam soil microcosms, significantly higher 

proportions of persister cells (both culturable and non-culturable) were obtained in cultures 

directly challenged with ampicillin after incubation for up to 21 days in loam soil relative to the 

cultures diluted in fresh medium and permitted to grow prior to antibiotic addition (p ≤ 0.001), 

(Figure 3. 17 and Table a. 2). This observation suggests that during the course of the incubation 

in loam soil, a faction of VBNC cells was present along with tolerant and culturable persister 

cells. There was a higher number of persister cells in E. coli populations incubated for 14 days in 

the loam soil microcosm compared with those in populations incubated for 21 days in loam soil 

with a lower proportion of VBNC persisters (Figure 3. 17 A and Table a. 2).  

Incubation of E. coli in sandy-loam soil for short durations (i.e., 1 day) resulted in a 

significantly higher proportion of persister cells (both culturable and non-culturable). This 

observation was made by challenging the cultures with ampicillin directly after their transfer 
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from the sandy-loam microcosm rather than incubating them for longer periods (≥ 14 days) (p ≤ 

0.001) (Figure 3. 17 A and Table a. 3). However, no culturable persisters were recovered (≤ 9 

CGU/mL) when the incubation period in the sandy-loam microcosm was extended to 14 days, 

even though the total count of culturable bacteria prior to ampicillin challenge was greater than 

108 CFU/ml. Although no culturable persisters were recovered, the number of VBNC cells 

exceeded 105 viable cells/mL as determined via viability staining (Figure 3. 17 A and Table a. 

3). In an attempt to revive the VBNC fraction, cultures were revived using various liquid media 

(TSB, TSB+5% glycerol, M9, M9+5% glycerol, and M9+ lettuce extract) and cells were plated 

on different solid media (i.e., M9A, TSA, and M9AL). The cultures in the various media were 

also incubated at 37 ºC or 20 ºC to assess the effect of temperature on VBNC revival. No revival 

was observed from any of the reviving cultures or agar plates, suggesting that none of the 

incubation conditions were sufficient to revive the VBNC persister fraction. Collectively, these 

results suggest that in the sandy-loam soil, the E. coli cells underwent a progressive transition 

into a deeper dormant “VBNC” state with an absence of culturable persisters. The transition into 

the VBNC state could have been caused by increased osmotic pressure due to desiccation 

coupled with nutrient deprivation. The proportions of VBNC cells within cultures incubated for 

21 days in sandy-loam microcosms differed between strains (Table a. 3). E. coli O103:H2 had a 

significantly higher proportion of VBNC cells compared with those of E. coli O157:H7 and E. 

coli O26:H11 (p ≤ 0.008) (Table a. 3).  

When the cultures were diluted and permitted to grow prior to antibiotic addition after 

incubation in sandy-loam soil for longer than one day, higher proportions of culturable persister 

cells were recovered (Figure 3. 17 B and Table a. 3). This result suggests that the culturable 

persister cells were induced under the permissive growth conditions in the fresh M9 medium 

prior to antibiotic addition.  

3.4.4. The effects of nutrient deficiency on modulating the persister state in STEC 
strains 

The occurrence of VBNC cells in cultures incubated in sandy-loam soil microcosms could 

be attributed to starvation and osmotic stress. To further test this hypothesis, trials were 

performed to assess VBNC persister cell formation in E. coli populations incubated in soft-agar, 

which would mimic the osmotic stress of soil in the absence of nutrients and soil constituents. 
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After an incubation period of 14 days, the dialysis cassettes were removed from the soft-agar, 

and the cassette contents were directly challenged with ampicillin. The plate counts of the test 

STEC strains decreased from approximately 109 CFU/mL to below the level of detection (≤9 

CFU/mL) when challenged with ampicillin; however, survivors (VBNC) could be enumerated 

via viability staining (approximately 104 viable cells/mL), while the reviving step did not revive 

cells from VBNC state (Figure 3. 19 and Table a. 4). These results suggest that nutrient 

deprivation and osmotic stress can result in VBNC formation in the absence of soil constituents. 

Consequently, the VBNC cells in the sandy-loam soil microcosms could have resulted from 

starvation and osmotic stress rather than induction of persisters by soil constituents.  

To replicate nutrient-deficient conditions, sterile dH2O was inoculated with the test STEC 

strains followed by incubation for 14 days. After this incubation period, the cultures were 

directly challenged with ampicillin for 8 h to assess the proportions of persister cells (Figure 3. 

19 and Table a. 4). It was found that the average numbers of E. coli O157:H7, E. coli O103:H2, 

and E. coli O26:H11 colonies enumerated on the agar plates after incubation for 14 d in sterile 

dH2O before ampicillin exposure were 1.45 × 107  , 3.57 × 106  , and 1.12 × 106 CFU/mL, 

respectively (Table a. 4). However, after ampicillin exposure, no E. coli O157:H7 colonies were 

recovered on plates (≤9 CFU/mL), but actively growing cells could be obtained by reviving the 

culture. The results suggest that VBNC persisters formed the majority of the population although 

culturable persisters were also present (Table a. 4). E. coli O26:H11 and E. coli O157:H7 

provided similar results, suggesting that the progression to the VBNC-persister state is a shared 

phenotype among the strains (Table a. 4 and Figure 3. 19). Collectively, these data suggest that 

the changes in the persister cell proportions observed when using sandy-loam and soft-agar 

might be due to osmotic stress and/or starvation. 
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Table 3. 8. Textural properties of the loam and sandy-loam soils used in the experiments. 
Soil Sample % Sand % Silt % Clay 

Loam  27 54 19 

Sandy-loam  74 19 7 

Soil textures were analyzed by SGS Agri-food Laboratories. 

 

Table 3. 9. Composition of loam and sandy-loam soils used in the experiments.  

Analysis (Unit) Loam Soil Sandy-loam soil Fold change     

Total Carbon (% dry) 3.250 0.990 3.28 

Inorganic Carbon (% dry) 0.130 0.031 4.19 

Organic Carbon (% dry) 3.120 0.958 3.26 

Phosphorus (mg/L soil dry) 50 13 3.85 

Magnesium (mg/L soil dry) 560 130 4.31 

Potassium (mg/L soil dry) 270 94 2.87 

Sodium (mg/L soil dry) 12 11 1.09 

Calcium (mg/L soil dry) 3700 890 4.16 

Manganese (mg/L soil dry) 12 12 1.00 

Zinc (mg/L soil dry) 4.9 0.39 12.56 

Copper (mg/L soil dry) 0.95 0.15 6.33 

Iron (mg/L soil dry) 35 14 2.50 

Nitrate (mg/kg) 7.90 6.50 1.22 

Nitrogen (% dry) 0.30 0.08 3.75 

Soil compositions were analyzed by LABORATORY SERVICES Agriculture and Food Laboratory.  
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Table 3. 10. Growth of normal and persister E. coli O103:H2 cells in soil extract. 
Bacterial 

Media 
(n=3) 

Mean Lag (h) 
(n=3) 

Mean ultimate OD600 

(n=3) 
Growth rate OD600/h 

(n=3) 

Normal 

M9 medium 4 ± 0.00 A 0.869 ± 0.02 a 0.25 ± 0.00 aA 

Loam soil extract 4 ± 0.00 A 0.213 ± 0.03 aA 0.13 ± 0.01 aB 

Sandy-loam soil extract 4 ± 0.00 A 0.215 ± 0.07 aA 0.18 ± 0.07 AB 

Persister 

M9 medium 8 ± 0.00 A 0.607 ± 0.09 a 0.25 ± 0.01 a 

Loam soil extract 8 ± 0.00 A 0.204 ± 0.05 aA 0.13 ± 0.03 aB 

Sandy-loam soil extract 7 ± 2.31 A  0.195 ± 0.04 aA 0.14 ± 0.01 aB 

The normal cells were prepared using overnight E. coli O103:H2 cultures, and the persister cells were 
generated by treating diluted overnight cultures with ampicillin. Microtiter plates were filled with M9 
medium, loam soil extract or sandy-loam soil extract and inoculated with etiher normal or persister cells. 
The microtiter plates were incubated at 37 °C, and the absorbance at 600 nm was measured over time. 
The average lag phase length in hours, average final OD600 values, and average growth rate per hour for 
three replicate samples are provided. ± Value = standard deviation of three samples. a = significant 
difference (p ˂ 0.05) compared with the control medium (M9) within the same bacterial culture.  A and B 
= within columns (per medium initial inoculum levels) followed by the same letter are not significantly 
different from each other within the same bacterial culture.  
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Figure 3. 15. Growth of normal and persister E. coli O103:H2 cells in soil extract. Microtiter plates were 
filled with M9 medium, loam soil extract or sandy-loam soil extract and inoculated with either normal or 
persister E. coli O103:H2 cells. The microtiter plates were incubated at 37 °C, and the absorbance at 600 
nm was measured over time. Error bars represent the standard deviation of three replicate samples. 
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Figure 3. 16. Effect of long-term incubation in M9 medium on the persister state in STEC strains. M9 
medium was inoculated with the test STEC strains followed by incubation for up to 21 days. After the 
incubation period, the cultures were divided into pairs of tubes. In the first tube (A), ampicillin was added 
and left for 8 h. In the second tube (B), M9 was added and the cultures were incubated for 2 h before 
subsequent ampicillin challenge for 8 h. Samples before and after ampicillin treatment were analyzed via 
microscopic viability staining and culturing on agar plates to determine the proportions of persister cells 
(N/N0). Error bars represent the standard deviation of three replicate samples. 
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Figure 3. 17. Effect of loam soil microcosms on modulating the persister state in STEC strains. The test 
STEC strains were introduced into dialysis cassette membranes and incubated for up to 21 days within the 
soil microcosms. After the incubation period, the dialysis cassettes were removed, and cassette contents 
were divided into pairs of tubes. In the first tube (A), ampicillin was added and left for 8 h. In the second 
tube (B), M9 was added and the cultures were incubated for 2 h prior to subsequent ampicillin challenge 
for 8 h. Samples before and after ampicillin treatment were analyzed via microscopic viability staining 
and culturing on agar plates to determine the proportions of persister cells (N/N0). Error bars represent the 
standard deviation of three replicate samples. 
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Figure 3. 18. Effect of sandy-loam soil microcosms on modulating the persister state in STEC strains. 
The test STEC strains were introduced into dialysis cassette membranes and incubated for up to 21 days 
within the soil microcosms. After the incubation period, the dialysis cassettes were removed, and the 
cassette contents were divided into pairs of tubes. In the first tube (A), ampicillin was added and left for 8 
h. In the second tube (B), M9 was added and the cultures were incubated for 2 h prior to subsequent 
ampicillin challenge for 8 h. Samples before and after ampicillin treatment were analyzed via microscopic 
viability staining and culturing on agar plates to determine the proportions of persister cells (N/N0). : no 
detected growth on agar plates after ampicillin treatment. Error bars represent the standard deviation of 
three replicate samples. 
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Figure 3. 19. Effect of nutrient deficiency on modulating the persister state in the STEC strains. The 
STEC strains were individually introduced into dialysis cassette membranes containing M9 medium and 
incubated in soft-agar for 14 days. After the incubation period, the dialysis cassettes were removed, and 
cassette contents were directly exposed to ampicillin for 8 h. Alternatively, tubes containing sterile dH2O 
were individually inoculated with the test STEC strains and incubated for 14 days before being directly 
exposed to ampicillin for 8 h. In both cases, the cells were enumerated via both viability staining 
(microscopy-based) and plating onto M9 agar plates (culture-based). : no detected growth on agar plates 
after ampicillin treatment. Error bars represent the standard deviation of three replicate samples. 
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CHAPTER IV 

4. Discussion  

All STEC strains used in this work were susceptible to ampicillin with MIC values ≤ 8 

µg/mL depending on the growth medium, which is similar to the range of ampicillin MIC values 

reported for other E. coli strains (Greenwood and O'Grady 1969). The ampicillin MBC values 

for the STEC strains were ≤ 16 µg/mL depending on the strain, which is similar to the ampicillin 

MBC range for susceptible E. coli strains (Alves-Silva et al. 2016). To isolate persister cells, a 

higher ampicillin concentration (200 µg/mL) was chosen to inactivate sensitive and tolerant 

cells.  

4.1. Induction and formation of persister cells 

In the current study, we found that challenging exponentially growing E. coli O157:H7 and 

non-O157 STEC cultures with ampicillin resulted in non-linear inactivation kinetics. There was 

an initial rapid decline in sensitive cells (Phase I), a subsequent slower rate of decline caused by 

inactivation of tolerant cells (Phase II), a transition to tailing caused by persister cell selection 

(Phase III), and finally a transition to VBNC cells (Phase IV). Typically, persisters are defined as 

cells that survive antibiotic exposure for 4 h (Brauner et al. 2016; Kaldalu et al. 2016b; Kim and 

Wood 2017), although no studies have reported data for prolonged exposure post-antibiotic 

treatment. Clearly this deficiency has implications when considering the existing literature 

related to persisters. In fact, it is more likely that most studies recovered tolerant cells and those 

exhibiting antibiotic resistance via the Eagle effect in addition to the persister population. The 

Eagle effect describes the increase in the number of surviving cells due to the decreased cell 

death rate when cells are exposed to antibiotic concentrations above the MBC, thus it is less 

pronounced during exponential-phase growth (Prasetyoputri et al. 2019). This is especially the 

case given that published studies worked with stationary cultures (Type I persisters) as opposed 

to exponentially growing cultures (Type II) (Canas-Duarte et al. 2014). Indeed, it was even 

problematic to define persister cells in the current study given the transition to a VBNC state 

after 14 days of incubation in sandy-loam soil. In the absence of a biomarker to define the 
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persister state we propose to facilitate the discussion by defining culturable persister cells as 

those recovered in Phase III (culturable) and non-culturable persisters (VBNC) as those 

recovered in Phase IV.  

Consistent with other published work,  a significantly higher proportion of persisters was 

recovered in stationary-phase cultures compared with that in exponential-phase cultures (Balaban 

et al. 2004; Harms et al. 2017; Keren et al. 2004a; Willenborg et al. 2014). The higher proportion 

of persister cells in stationary-phase cultures is attributed to the existence of varying 

physiological states (i.e., non-growing, tolerant, and VBNC cells), which makes persister cell 

isolation problematic (Balaban et al. 2004; Prasetyoputri et al. 2019; Wood et al. 2013). In 

addition, ampicillin is more effective during exponential-phase growth than during stationary-

phase growth since ampicillin activity relies on disrupting the transpeptidation reaction during 

bacterial cell wall synthesis (Brauner et al. 2016; Harms et al. 2017; Keren et al. 2004a). These 

points emphasize the concept that the physiological state of bacteria plays a key role in 

distinguishing persister cells from other tolerant cells.  

In the current study, it was found that the Type II culturable persister population comprised 

approximately 0.01% of the population in planktonic cultures, which is similar to the Type II 

persister populations found in other studies (Keren et al. 2004b; Kuczynska-Wisnik et al. 2015). 

Furthermore, we observed that the proportion of persister cells recovered did not vary with 

respect to STEC strain or culture conditions. Our findings are consistent with those of Willendorf 

and colleagues (2014) who found no significant differences in the levels of Type II persister cell 

formation in different Streptococcus sueis strains. However, strain-dependent variation in Type 

II persister formation in E. coli has been reported. For example, Hofsteenge and colleagues 

(2013) found significant variations in the levels of Type II persister cells in different 

environmental E. coli strains when the persister cells were isolated using 100 µg/mL ampicillin. 

The authors reported that the ampicillin MIC values for the environmental E. coli strains ranged 

from 15 to 22.5 µg/mL (Hofsteenge et al. 2013), indicating that these strains have an 

intermediate level of ampicillin resistance (CLSI 2012). Consequently, as highlighted above, it is 

likely that the researchers were studying tolerant cells rather than true persister cells. It is also 

possible that Hofsteenge and colleagues (2013) applied insufficient antibiotic to inactivate the 

tolerant cells. In fact, a final antibiotic concentration 10 times the MIC is recommended for the 
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selection of persister cells and the elimination of background sensitive and tolerant cells (Kaldalu 

et al. 2016b). A recent study by Thao and colleagues (2019) revealed that an E. coli O157 strain 

produced lower proportions of persisters than an E. coli O104 strain when the persister cells were 

isolated using ciprofloxacin at concentrations 10 times higher than the MIC, suggesting that 

persister cell formation depends on the strain type (Thao et al. 2019). The authors reported that 

E. coli O104 strains were more resistant than E. coli O157 strains to ciprofloxacin, with 8-fold 

higher ciprofloxacin MIC values (Thao et al. 2019). It is plausible that such variation in the final 

ciprofloxacin concentrations applied could explain the differences in persister levels between 

strains.   

It has been suggested that approaches for recovering persister cells can select for mutant 

strains (e.g., hip mutants) with increased persister cell formation, although this was not the case 

in the current study as definitive evidence would require molecular analysis. Specifically, we 

found that persister STEC cells were susceptible to the same ampicillin concentrations as their 

parental strains and that persister cells were not increased via subculturing. These findings 

indicated that persister cells acquire temporal tolerance to antibiotic with no changes in long-

term susceptibility (e.g., resistance-conferring genetic mutations ) (Brauner et al. 2016; Kim and 

Wood 2017). However, an alternative theory has been suggested, i.e., that the persister state is 

governed by genes coding toxin-antitoxin (TA) modules, which confer antibiotic resistance and 

induce a persister state (Ayrapetyan et al. 2015; Yamamoto et al. 2018). In support of this 

possibility, it has been shown in E. coli that overexpression of hipA, which encodes a toxin, 

results in increased persistence (Lou et al. 2008; Moyed and Bertrand 1983; Vazquez-Laslop et 

al. 2006). The increased persister cell formation by the hipA mutant strain occurred only with use 

of early stationary phase inoculates, highlighting a potential role of the inoculum in persister cell 

formation (Luidalepp et al. 2011). Furthermore, deletion of any TA modules, e.g., hipA-hipB, 

mazF-mazE, or relE-relB, has been reported to have either minor or no effects on persister cell 

formation relative to that in the isogenic parental strains (Keren et al. 2004b). Thus, bacterial 

persistence is more likely to be controlled by environmental conditions rather than an outcome of 

mutations since persister cell formation occurs without mutation (Song and Wood 2020a). In a 

recent study, Hossain and colleagues (2020) showed that Mycoplasma mycoides JCVI-Syn3B, a 

synthetic minimal cell devoid of toxin-antitoxin systems, produced persisters, indicating that 

persister formation is not genetically controlled by TA modules.  
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The composition of the different growth media (i.e., LB, TSB, M9) did not significantly 

influence the proportions of persister cells in the STEC strains. Yet, it should be noted that all 

growth media tested in our study supported E. coli STEC growth. Our findings contradict those 

of previous studies in which persister cell formation was influenced by different growth media, 

which resulted in different proportions of persister cells (Luidalepp et al. 2011; Varik et al. 

2016). These contradictory results could strongly depend on variations in the experimental 

conditions and variations between strains. Indeed, environmental and experimental conditions 

have been found to influence persister cell formation (Harms et al. 2017). Even under the same 

experimental conditions, the level of persister cells was found to vary between different batches 

of LB medium (Harms et al. 2017). It is also possible that variations in the length of incubation 

after antibiotic exposure and the type of persister cells could lead to contradictory results 

between studies. Due to the lack of a clear definition of a persister cell and the absence of a 

reliable biomarker, studies on persister cell formation will remain contradictory (Balaban et al. 

2019). Regardless of the antibiotic and exposure time used, it is generally agreed that persister 

cells comprise a subpopulation within a susceptible bacterial population that survive antibiotic 

exposure via entry into a non-growing state of hibernation.  

Indole is widely distributed in the natural environment and has been shown to modulate 

various bacterial physiological processes, e.g., resistance and biofilm formation, among others 

(Lee et al. 2015). However, reports on the effects of indole on persister cell formation are 

contradictory. In this work, all of the STEC strains were found to be indole-positive in a 

medium-dependent manner. Expression of the phenotype likely depends on the presence of an 

exogenous source of  the amino acid tryptophan, which is present in TSB medium and absent in 

M9 medium, which is catabolized by E. coli to produce indole (Ratiu et al. 2017). E. coli 

produces indole as a quorum sensing signal that induces the transcriptional activation of an 

oxidative stress response that can influence antibiotic susceptibility (Vega et al. 2012). 

Moreover, we found that the MIC of indole against E. coli O103:H2 was ≥ 8000 μM, suggesting 

that it is toxic at these high concentrations. Nevertheless, indole supplementation did not alter the 

proportion of persister cells. It is worth mentioning that the effect of indole on persister cell 

formation was tested using a minimal concentration of indole-containing solvent, thus 

eliminating potential solvent effects. Our data disagree with previous reports that indole can 

increase (Kwan et al. 2015; Lee et al. 2016) or decrease (Kuczynska-Wisnik et al. 2015; Vega et 
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al. 2012) persister cell formation. These contradictions could potentially be attributed to 

differences in the preparation of the indole. Indole can be dissolved in DMSO, ethanol, methanol 

according to the National Center for Biotechnology Information (NCBI 2019). For example, Lee 

and Kwan dissolved indole in DMSO while Vega did not specify the indole solvent used. By 

contrast, Kuczynska-Wisnik dissolved indole in ethanol. These solvents, depending on  the 

concentrations used, might have had independent effects on persister cell formation. In addition, 

the specific antibiotic concentrations used and the length of the post-antibiotic incubation period 

for persister cell selection differed between studies, suggesting that some researchers might have 

studied tolerant cells rather than persister cells. Therefore, differences in experimental 

procedures could have significantly affected the conclusions in these previous studies regarding 

the role of indole in modulating persister cell formation. Indeed, the inherent difficulties in 

distinguishing the different physiological states of bacteria and the absence of a reliable 

biomarker are a key driver of the contradictory results in the persister cell literature (Balaban et 

al. 2019; Kim and Wood 2016). In any case, the results of the current study suggest that the role 

of indole in persister cell formation remains unclear.  

EDTA is substance that can be found in the environment, and it functions as a chelating 

agent to sequester divalent metal ions such as Fe2+, Mg2+, and Ca2+ (Heindorff et al. 1983; Münz 

2017). Ion deficiency (e.g., Fe2+) can influence bacterial metabolism (Messenger and Barclay 

1983), which in turn can affect persister cell formation. In the current study, the inclusion of 

EDTA in culture media did not increase or decrease persister cell formation. Our findings are 

consistent with those of Briers and colleagues who demonstrated that addition of EDTA does not 

affect the persister levels in Pseudomonas aeruginosa (Briers et al. 2014). EDTA exerts 

bacteriostatic effects, especially toward Gram-negative bacteria, by removing divalent metal ions 

from the outer membrane lipopolysaccharide, thereby enhancing the permeability of the outer 

membrane to other antibiotic agents (Finnegan and Percival 2015). The antimicrobial effect of 

EDTA has been detected at very high concentrations (e.g., ≥ 16,384 µg/mL) in E. coli strains 

(Umerska et al. 2018).  

Although the persister cell level could not be enhanced by specific culture media or 

supplements, the objective of the current study was to assess whether the soil environment could 

induce the persister state, thereby extending survival. It was found that saturated loam soil 
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induced E. coli cultures to develop a mixture of culturable and VBNC cells while sandy-loam 

soil induced E. coli cultures to develop a distinct population of non-culturable persister cells. 

Specifically, it was found that E. coli cultures incubated over a prolonged period in sandy-loam 

soil contained culturable bacteria prior to antibiotic challenge while none were recovered after 

ampicillin addition. Instead, there was a population of VBNC cells (non-culturable persisters). 

This result suggests that there were two distinct populations in the VBNC population including 

what could be true persister cells. It was clear that the proportion of culturable persister cells, 

relative to that of non-culturable persisters, decreased with increasing incubation time in the 

sandy-loam microcosm. This observation suggests that within the soil environment, the transition 

from culturable to non-culturable persister cells is similar to the transition following the addition 

of ampicillin to growing cultures. In published works on E. coli survival in soil, it is frequently 

reported that residual populations remain over extended time periods (Wang et al. 2018a). The 

current study is the first to reveal that such residual populations can be attributed to the persister 

state. The complete transition of bacterial cultures incubated in a saturated sandy-loam soil 

microcosm into the VBNC state after antibiotic addition was probably due to an accumulation of 

stress, including starvation and osmotic stress. This conclusion was further corroborated when 

dialysis membranes containing E. coli cultures were incubated in soft-agar instead of soil. In 

addition, when the STEC strains were incubated in dH2O, culturable persister cells were detected 

(< 102 CFU/mL) after antibiotic addition, although the population was below the detection limit 

in some samples (≤ 9 CFU/mL); however, there were more VBNC cells than culturable cells. It 

has been stated that environmental conditions such as starvation, temperature, and osmotic stress 

(among others) can trigger the formation of VBNC cells (Oliver 2000). Indeed, the level to 

which cells enter the persister or VBNC states seems to positively depend on the degree and 

duration of stress exposure (Ayrapetyan et al. 2018).  

Cultures incubated in sandy-loam microcosms did not generate culturable persisters unless 

the cells were first pre-incubated in fresh media prior to antibiotic challenge. This result suggests 

that the persister cells were induced during the culturing step prior to antibiotic addition, 

although it could also suggest that ampicillin addition caused persister induction. In either 

scenario, the significant finding is that the antibiotic challenge method used to select for persister 

cells can also induce a persister state. This finding has implications for antimicrobial drug 

resistance in clinical microbiology as antibiotic administration can lead to temporary resistance 
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resulting in latent infections (Bigger 1944; Keren et al. 2004b; Wood et al. 2013). Similarly, 

addition of antimicrobials to food systems might induce the persister state.  

The results of the work reported here also reveal that as the incubation period in sandy-

loam soil continued, the number of culturable cells declined after antibiotic addition, while the 

number of VBNC cells remained constant through days 14 and 21. This constancy in VBNC cell 

number was reported earlier by Xu and colleagues (1982) who found that when E. coli was 

exposed to stressful conditions (5–25 % NaC1) for two weeks, a rapid decline in the total 

bacterial count was observed using the culture based method, i.e., plate counting and most 

probable number (MPN), while the total number of cells representing the VBNC fraction 

remained unchanged as observed via fluorescent microscopic examination (Xu et al. 1982). The 

implications of these findings further highlight the complexity of VBNC cells and their effects 

on the food safety chain. 

4.2. Revival of persister cells  

The degree to which persister cells could be revived from the persister state depended on 

whether the cells were in Phase-III or Phase-IV dormancy. Specifically, cells in Phase III could 

be revived by simply removing the antibiotic pressure while revival of cells in Phase IV 

remained challenging. In the current study, the persister state was maintained under ampicillin 

pressure, but persister cells resumed growth when the ampicillin was removed via ß-lactamase 

addition, subsequent washing steps, or via dilution (when enumerated on agar plates). Indeed, the 

persister cells did not grow in the presence of ampicillin, indicating that they (unlike their 

resistant counterparts) originated from non-heritable phenotypic variation (Balaban et al. 2019; 

Cohen et al. 2013; Keren et al. 2004b). Ampicillin induces the accumulation of the stringent 

response signaling molecule ppGpp, which blocks peptidoglycan and protein synthesis thereby 

preventing cell growth (Rodionov and Ishiguro 1995; Wood and Song 2020). In addition, iron, 

amino acid, and carbon starvation can also stimulate ppGpp production (Ayrapetyan et al. 2015), 

which can in turn maintain the persister state. Therefore, complete removal of antibiotic pressure 

is required to revive cells from a persister state after some incubation period. This finding was 

also supported by Kim and colleagues (2018b), who revealed that persister cells revive upon 

antibiotic removal or addition of nutritious media.  
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In this study, it was also found that compared with normal (overnight culture) E. coli cells, 

persister E. coli cells displayed an extended lag phase prior to revival from the persister state. 

This difference in lag phase duration between persister and normal cells reflects the expected 

variation in the current physiological state of bacteria when adapting to new environmental 

conditions. It has been reported that different factors influence the length of the lag phase, with 

the stress history of the bacterial inoculum being a key determinant (Bertrand 2019; Jõers et al. 

2019). Indeed, relieving the stress in combination with the addition of nutrients, such as glucose, 

triggers unphosphorylated EIIA to reduce cAMP. This metabolic shift, in turn, induces 

expression of HflX , which converts inactive 100S ribosomes into active 70S ribosomes to 

promote growth resumption (Wood and Song 2020; Yamasaki et al. 2020). The degree of 

persister cell revival has been reported to depend on ribosome content, such that a higher 

ribosome content in persister cells decreases their revival time by several hours compared with 

the time required for cells with a lower ribosome content (Kim et al. 2018b).  

Effective control strategies for persister cells would require revival from persister state 

such that they become sensitive to stresses, e.g., antibiotics. L-cysteine was thought to be one 

such agent, in addition to cis-2-decenoic acid, ethyl trans-2-decenoate, ethyl trans-2-octenoate, or 

ethyl cis-4-decenoate (Marques et al. 2014; Wang et al. 2018b); however, it did not alleviate the 

persister state when cells were under ampicillin pressure. This finding indicates that L-cysteine 

did not efficiently revive cells from the persister state in the presence of ß-lactam antibiotic, as 

confirmed by disc diffusion assays showing that residual active ampicillin remained 24 h after L-

cysteine addition. Consequently, this result highlights the difficulties in distinguishing the effects 

of various factors on revival from the persister state from those linked to the antibiotic, since the 

stress pressure is required to maintain the persister state. L-cysteine is a reducing agent, and it 

has been shown to increase MIC values and protect cells from ROS derived from antibiotic 

exposure (Annunziato 2019; Markowitz and Williams 1985). Indeed, the addition of reducing 

agents, e.g., paraquat, to bacterial cultures has been reported to promote persister cell formation 

(Orman and Brynildsen 2015; Wu et al. 2012). It is likely that the effect of reducing agents is due 

to a direct interaction with the antibiotic rather than a direct stimulation of revival from the 

persister state.    
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The media types tested here did not influence the recovery of persister cells, suggesting 

that the revival of persisters was more related to the growth stage of the cells recovering during 

the transition to VBNC. This possibility was supported by Kaldalu and colleagues (2016b) who 

reported that no significant differences in the persister counts of non-pathogenic E. coli strains 

could be attributed to the solid media used for recovery (i.e., MHB, LB, or M9) when the same 

antibiotic and exposure times were applied . It was concluded here that M9 medium – a defined 

medium consisting of a combination of essential inorganic salts and an energy source – can be 

used to isolate persister STEC cells, although it requires a longer incubation time than other test 

media. In contrast to persister cells, revival of VBNC cells was not achieved. The VBNC cells 

represent a fraction of cells that could not form colonies on any tested agar media (i.e., M9A, 

TSA, and M9AL) or revive after being incubated in various liquid media (i.e., TSB, TSB+5% 

glycerol, M9, M9+5% glycerol, and M9+ lettuce extract) at various temperatures, despite 

remaining viable (as confirmed via microscopic observation). It is worth mentioning that over 

100 bacterial species have been reported to enter a VBNC state, although not all of them could 

be successfully revived (Ayrapetyan et al. 2018). It has also been reported that VBNC cells 

lacking normal cytosolic components could not revive (Kim et al. 2018a). While revival of 

VBNC cells is challenging, fresh media (e.g., TSB and M9) with or without supplementation 

components (e.g., pyruvate and cell extracts) and changes in incubation temperature have been 

reported to revive VBNC cells (Vilhena et al. 2019; Zhao et al. 2013). In addition, signaling 

molecules such as autoinducer and resuscitation promoting factor (Rpf) have been reported to 

trigger revival of VBNC cells (Ayrapetyan et al. 2014; Bodor et al. 2020).  

The experiments performed here also showed that after incubating the STEC strains in 

dH2O, culturable persister cells could detected (101 CFU/mL), although their numbers were 

below the detection limit (≤ 9 CFU/mL) in some samples after antibiotic addition. Nevertheless, 

the numbers of persister-VBNC cells were significantly higher as determined via viability 

staining. Furthermore, the majority of persister-VBNC cells derived from incubation in dH2O 

were revived by TSB medium. It is more likely that the reviving cells resulted from re-growth of 

a small fraction of culturable cells that was missed during enumeration on agar plates or reflected 

injured cells that were not recovered on agar plates. It is worth mentioning that VBNC cells have 

been suggested to require a specific trigger for revival from the VBNC state, while persister cells 

can be revived upon removal of stress combined with sufficient nutrients (Ayrapetyan et al. 
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2018; Zhao et al. 2017). Currently, the proper conditions to revive cells from the VBNC state 

remain elusive (Ayrapetyan et al. 2018). The precise differences between VBNC and persister 

cells remain a matter of debate, although it is clear that while they are distinct states they are 

indeed “closely related phenomena” (Ayrapetyan et al. 2018). In addition to persister and VBNC 

cells, scout cells represent another phenotypic form that exhibits enhanced survival in the 

environment (Bodor et al. 2020). In theory, scout cells could be cells that exist stochastically in 

an unculturable state with the ability to return to a culturable state in response to unknown 

internal factors (Bodor et al. 2020). Hence, the revival of cells from the VBNC state and the 

nature of cells exhibiting scout cell properties remain matters of debate for environmental and 

food microbiologists in terms of the conditions that can revive cells from either persister or 

VBNC state, thereby enhancing their recovery and detection in addition to increasing their 

antibiotic susceptibility.     

The results from this study revealed that STEC strains do indeed produce persister cells, 

thus developing resistance to stresses encountered in the agricultural production environment, 

specifically soil. These persister cells might be responsible for the long-term survival of STEC in 

the environment. Although indole, EDTA, and soil constituents did not induce persister cell 

formation, it is possible that other triggers may be responsible for the induction of the persister 

state in the environment. Persister cells that do not enter the VBNC state can be revived and 

resume growth when the stress is removed; thus, these cells represent a possible source of fresh 

produce contamination. In this respect, persister cells could deliver substantial challenges to food 

safety and should be considered in risk analyses. Furthermore, none of the conditions tested in 

the current study revived cells from VBNC state. This finding suggests that the significance of 

VBNC cells in the food safety chain remains elusive and requires further investigation.  

The study of persister cells in terms of isolating and identifying factors that either enhance 

of decrease persistence is challenging, perhaps explaining the contradictory results between 

studies. To eliminate uncontrolled factors when studying persister cells, cultures used as the 

sources for inoculates should first be diluted in fresh medium to reduce the physiological 

heterogeneity in the bacteria, i.e., tolerant, VBNC, non-growing cells (among others) (Kaldalu et 

al. 2016b). Use of M9 as a defined medium enables the study of the effects of individual 

compounds or extracts (e.g., indole, EDTA, and soil extract) on triggering or breaking the 
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persister state without interference from compounds found in a complex media. Testing the 

effects of effector agents on persister cell formation should be performed with an appropriate 

solvent concentration that does not influence persistence. In addition, solvent controls should be 

included with the solvent added at the same concentration used for the test samples. Studying 

Type II persister cells isolated during exponential-phase growth is recommended to overcome 

the effects of various bacterial physiological states to give a most accurate view of persister cells. 

Longer post-antibiotic exposure periods ensure the selection of persister cells and complete 

eradication of tolerant cells. The persister cells are those cells within the population that survive 

prolonged exposure to a lethal dose of bactericidal antibiotic without a change in the MIC value.    
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CHAPTER V 

5. Conclusions and future work 

5.1. Conclusions  

The objectives of this research were to investigate the existence and levels of persister cells 

within E. coli O157 and non-O157 STEC strains and to identify effector compounds such media, 

EDTA, indole, and soil constituents that can stimulate or suppress persister cell formation.  The 

findings were:  

 Persister cells exist in E. coli O157 and non-O157 STEC cultures, indicating that a 

subpopulation of cells within the susceptible STEC population is primed to enter persister 

state upon exposure to ampicillin-induced stress.  

 It is challenging to identify and differentiate persister cells from other physiological states 

within a population. 

 Persister cells were more abundant in stationary-phase than in exponential-phase, 

indicating that the higher number of Type I persister cells might be due to the presence of 

a background of tolerant cells and VBNC cells.    

 Type II persister cells represented approximately 0.01% the population, which did not 

vary significantly between STEC cultures, indicating that persister cell formation is 

independent of strain type.  

 Persister cells were found to be as susceptible to ampicillin as their parental strains, and 

subculturing persister cells in fresh media and followed by re-exposure to antibiotics did 

not significantly affect persister cell formation. These findings suggest that persister cells 

are not genetically altered.  

 Medium composition, indole, EDTA, or soil constituents did not significantly induce the 

persister state, indicating that other factors might be responsible for the induction of the 

persister state in agricultural environments.  
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 Persister cells could be revived after a short exposure to stress, representing a potential 

threat to food safety. β-lactamase could alleviate persistence while L-cysteine could not.  

 The compositions of the various agar media did not significantly influence the recovery 

of persister cells, indicating that persister cells can revive when the stress is removed in 

the presence of nutrients. Therefore, persister cells represent a food safety risk and should 

be considered in risk analyses.  

 Revival of cells from the VBNC state was not achieved under the conditions applied in 

the current study, suggesting that other factors must revive cells from the VBNC state or 

that the cells ultimately lose viability.   

5.2. Future work 

 This research assessed the induction of the persister state in a susceptible STEC 

population, and no significant differences in the proportions of persister cells were 

observed between STEC strains. Future work should examine the induction of the 

persister state in a resistant STEC strain to assess whether STEC can produce different 

persister levels. Such analyses would allow investigation of the relationship between 

persister levels and antibiotic susceptibility.  

 While the persister state was found in STEC populations, soil constituents did not appear 

to positively induce the persister state. Future work is needed to determine whether 

manure could be responsible for the induction of the persister state in agricultural fields.  

 Future work should also focus on determining whether persister STEC cells have altered 

virulence. This aim could be achieved by using RT-PCR techniques to examine virulence 

genes (e.g., stx1, stx2, eae, and hly) in persister STEC cells compared with the parental 

STEC cells, thus allowing assessment of the roles of virulence factors during persistence 

and anticipation of the risk associated with persister STEC.  

 VBNC cells were counted using direct microscopy with the aid of LIVE/DEAD BacLight 

staining. Future work should focus on identifying VBNC cells using other methods, such 

as immunological or genetic-based methods, which would allow the development of a 

reliable approach for VBNC cell detection. 
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 Revival of cells from the VBNC state was not achieved, making it difficult to distinguish 

between true VBNC cells in a dormant state and dead cells. Therefore, additional studies 

should be conducted to determine whether VBNC cells are metabolically active and have 

regular cytosolic components. This aim could be achieved using an ATP 

bioluminescence-based assay, as it is thought that all living cells have some level of ATP 

metabolism. A complementary transmission electron microscopy-based approach could 

also be used to examine the density of cytosolic components in VBNC cells, as dead cells 

generally have empty cytosol. Such work could help improve our ability to anticipate the 

risk associated with VBNC cells in the food chain.  
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APPENDIX A 

Table a. 1. Effects of long-term incubation in M9 on modulating the persister state of STEC strains. 

Cultures incubated in tubes containing M9 medium for one day then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.40E+09 ± 7.44E+07 1.19E+09 ± 2.72E+07 
8.49E-

01 
± 

4.67E-
02A 

2.46E+09 ± 2.38E+08 5.72E+08 ± 6.19E+08 
2.18E-

01 
± 

2.20E-
01A 

O103 1.63E+09 ± 3.67E+07 1.16E+09 ± 2.65E+07 
7.14E-

01 
± 

2.31E-
02A 

1.55E+09 ± 3.90E+08 4.08E+08 ± 3.83E+08 
3.18E-

01 
± 

3.65E-
01A 

O26 1.93E+09 ± 2.30E+08 1.43E+09 ± 2.84E+08 
7.59E-

01 
± 

2.24E-
01A 

8.60E+08 ± 2.00E+08 4.23E+08 ± 3.67E+08 
5.05E-

01 
± 

4.35E-
01A 

Cultures incubated in tubes containing M9 medium for 14 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 2.35E+09 ± 1.42E+08 2.24E+09 ± 1.62E+08 
9.52E-

01 
± 

1.38E-
02A 

1.41E+09 ± 2.22E+08 8.13E+08 ± 6.63E+08 
5.86E-

01 
± 

4.50E-
01A 

O103 2.65E+09 ± 1.48E+08 2.60E+09 ± 1.83E+08 
9.81E-

01 
± 

2.76E-
02A 

1.64E+09 ± 1.20E+08 1.48E+09 ± 1.25E+08 
9.04E-

01 
± 

1.38E-
02A 

O26 2.55E+09 ± 3.04E+08 2.38E+09 ± 2.13E+08 
9.37E-

01 
± 

3.07E-
02A 

1.17E+09 ± 1.65E+08 8.60E+08 ± 2.11E+08 
7.53E-

01 
± 

2.26E-
01A 
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Cultures incubated in tubes containing M9 medium for 21 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.21E+08 ± 2.00E+07 5.20E+07 ± 1.31E+07 
4.35E-

01 
± 

1.08E-
01A 

1.03E+06 ± 8.50E+05 1.60E+05 ± 4.05E+04 
2.50E-

01 
± 

2.21E-
01A 

O103 6.93E+07 ± 1.06E+07 3.82E+07 ± 9.01E+06 
5.49E-

01 
± 

9.35E-
02A 

2.27E+06 ± 1.50E+06 9.93E+05 ± 1.22E+06 
3.35E-

01 
± 

2.39E-
01A 

O26 5.81E+07 ± 1.93E+07 2.20E+07 ± 1.80E+06 
4.04E-

01 
± 

1.22E-
01A 

1.20E+06 ± 7.00E+05 3.70E+05 ± 3.11E+05 
3.00E-

01 
± 

1.55E-
01A 

Cultures incubated in tubes containing M9 medium for one day then diluted and permitted to grow prior to ampicillin 
addition 

Strain 
Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 5.79E+08 ± 8.95E+07 1.77E+07 ± 2.52E+06 
3.06E-

02 
± 

6.51E-
04A 

1.05E+08 ± 2.65E+07 1.07E+06 ± 8.99E+05 
9.57E-

03 
± 

6.42E-
03A 

O103 5.43E+08 ± 5.31E+07 2.40E+07 ± 1.47E+07 
4.28E-

02 
± 

2.17E-
02aA 

1.53E+08 ± 2.63E+07 6.40E+05 ± 6.33E+05 
4.11E-

03 
± 

3.79E-
03A 

O26 7.79E+08 ± 1.66E+08 3.87E+06 ± 7.02E+05 
4.99E-

03 
± 

1.81E-
04aA 

2.49E+08 ± 2.71E+08 3.03E+03 ± 3.50E+03 
3.80E-

05 
± 

6.04E-
05A 

Cultures were incubated in tubes containing M9 medium for 14 days then diluted and permitted to grow prior to 
ampicillin addition 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 
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O157 1.18E+08 ± 1.63E+07 1.50E+06 ± 3.89E+05 
1.28E-

02 
± 

3.01E-
03A 

2.00E+06 ± 1.00E+06 3.67E+02 ± 3.06E+02 
2.94E-

04 
± 

3.56E-
04A 

O103 1.01E+08 ± 1.58E+07 1.37E+06 ± 3.40E+05 
1.26E-

02 
± 

1.22E-
03A 

2.66E+08 ± 4.72E+07 1.00E+05 ± 3.00E+04 
3.94E-

04 
± 

1.83E-
04A 

O26 9.03E+07 ± 1.74E+07 1.17E+06 ± 5.56E+05 
1.27E-

02 
± 

4.38E-
03A 

2.25E+08 ± 1.86E+07 7.30E+04 ± 4.86E+04 
3.37E-

04 
± 

2.38E-
04A 

M9 medium was inoculated with test STEC strains and incubated for up to 21 days. After the incubation period, the cultures were divided into 
pairs of tubes. In the first tube, ampicillin was added and left for 8 h to assess the general population of antibiotic-tolerant cells (persister, tolerant, 
and VBNC cells). In the second tube, M9 was added and the culture incubated for 2 h to stimulate the growth of tolerant and culturable persister 
cells, which were subsequently challenged with ampicillin for 8 h. In both cases, the cells were enumerated via viability staining (microscopic-
based) and by plating onto M9 agar (culture-based). a = significant difference in the proportions of persister cells between STEC strain within the 
same enumeration and incubation condition. A, B = no significant difference in the proportions of persister cells between strains followed by the 
same letters within the same enumeration and incubation condition. ± represent the standard deviation of three replicate samples.  
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Table a. 2. Effects of loam soil constituents on modulating the persister state of STEC strains. 

Cultures incubated in loam soil microcosms for one day then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 3.64E+09 ± 8.86E+07 2.39E+09 ± 4.79E+08 
6.55E-

01 
± 

1.16E-
01A 

1.24E+09 ± 8.87E+08 5.88E+08 ± 4.31E+08 
4.49E-

01 
± 

1.85E-
01A 

O103 2.63E+09 ± 3.54E+08 1.87E+09 ± 1.46E+08 
7.18E-

01 
± 

9.77E-
02A 

1.11E+09 ± 3.12E+08 8.18E+08 ± 4.80E+08 
6.84E-

01 
± 

2.98E-
01A 

O26 2.38E+09 ± 3.33E+08 1.55E+09 ± 1.15E+08 
6.67E-

01 
± 

1.49E-
01A 

1.41E+09 ± 8.89E+07 6.60E+08 ± 4.88E+08 
4.58E-

01 
± 

3.32E-
01A 

Cultures incubated in loam soil for 14 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.65E+09 ± 2.44E+08 9.60E+08 ± 1.60E+08 
5.80E-

01 
± 

2.25E-
02A 

1.03E+09 ± 3.91E+08 5.70E+08 ± 9.54E+07 
6.01E-

01 
± 

2.19E-
01A 

O103 1.23E+09 ± 3.33E+08 9.53E+08 ± 1.94E+08 
7.88E-

01 
± 

9.76E-
02A 

4.07E+08 ± 3.21E+07 3.03E+08 ± 6.51E+07 
7.50E-

01 
± 

1.70E-
01A 

O26 1.39E+09 ± 2.44E+08 8.00E+08 ± 2.00E+07 
5.92E-

01 
± 

1.26E-
01A 

4.80E+08 ± 9.17E+07 2.31E+08 ± 1.89E+08 
4.68E-

01 
± 

3.46E-
01A 

Cultures incubated in loam soil microcosms for 21 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 
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O157 3.20E+07 ± 1.05E+07 1.16E+07 ± 2.00E+06 
4.05E-

01 
± 

2.15E-
01A 

6.70E+08 ± 1.61E+08 7.92E+07 ± 4.10E+07 
1.12E-

01 
± 

3.95E-
02A 

O103 2.61E+07 ± 6.47E+06 1.10E+07 ± 1.05E+06 
4.35E-

01 
± 

7.86E-
02A 

1.70E+08 ± 8.89E+07 3.11E+07 ± 2.92E+07 
1.69E-

01 
± 

9.58E-
02A 

O26 4.16E+07 ± 8.91E+06 2.54E+07 ± 3.27E+06 
6.26E-

01 
± 

1.25E-
01A 

1.70E+08 ± 3.61E+07 8.50E+06 ± 9.96E+06 
4.87E-

02 
± 

5.42E-
02A 

Cultures incubated in loam soil microcosms for one day then diluted and permitted to grow prior to ampicillin addition 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 2.48E+09 ± 6.22E+08 5.60E+06 ± 3.67E+06 
2.17E-

03 
± 

1.02E-
03A 

2.97E+08 ± 1.11E+08 4.14E+04 ± 2.92E+04 
1.87E-

04 
± 

2.00E-
04A 

O103 2.02E+09 ± 7.05E+08 5.47E+06 ± 2.54E+06 
2.66E-

03 
± 

4.00E-
04A 

3.80E+08 ± 2.57E+08 1.64E+05 ± 5.70E+04 
6.12E-

04 
± 

5.31E-
04A 

O26 1.93E+09 ± 3.04E+08 4.13E+06 ± 8.33E+05 
2.14E-

03 
± 

3.22E-
04A 

2.50E+08 ± 9.54E+07 1.75E+04 ± 1.21E+04 
6.81E-

05 
± 

4.53E-
05A 

Cultures incubated in loam soil microcosms for 14 days then diluted and permitted to grow prior to ampicillin addition 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.44E+08 ± 1.60E+07 1.01E+06 ± 4.87E+05 
7.15E-

03 
± 

3.97E-
03A 

8.60E+07 ± 2.13E+07 2.57E+04 ± 4.62E+02 
3.14E-

04 
± 

8.90E-
05A 

O103 1.22E+08 ± 8.72E+06 8.13E+05 ± 8.08E+04 
6.72E-

03 
± 

1.17E-
03A 

6.50E+07 ± 1.37E+07 2.15E+04 ± 1.73E+04 
3.74E-

04 
± 

3.53E-
04A 

O26 1.21E+08 ± 2.27E+07 4.27E+05 ± 9.24E+04 
3.64E-

03 
± 

1.26E-
03A 

8.37E+07 ± 3.13E+07 1.06E+04 ± 4.71E+03 
1.24E-

04 
± 

1.59E-
05A 

The strains were individually introduced into a dialysis cassette membrane containing M9 medium and incubated in saturated loam soil 
microcosms for up to 21 days. After the incubation period, the dialysis cassettes were removed, and the cassette contents were divided into pairs of 
tubes. In the first tube, ampicillin was added and left for 8 h to assess the general population of antibiotic-tolerant cells (persister, tolerant, and 
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VBNC cells). In the second tube, M9 was added and the cultures were incubated for 2 h to stimulate the growth of tolerant and culturable persister 
cells, which were subsequently challenged with ampicillin for 8 h. In both cases, the cells were enumerated via viability staining (microscopic-
based) and by plating onto M9 agar (culture-based). a = significant difference in the proportion of persister cells between STEC strain within the 
same enumeration and incubation condition. A, B = no significant difference in the proportion of persister cells between strains followed by the 
same letters within the same enumeration and incubation condition. ± represent the standard deviation of three replicate samples. 
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Table a. 3. Effects of sandy-loam soil constituents on modulating the persister state of STEC strains. 

Cultures incubated in sandy-loam soil microcosms for one day then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.50E+09 ± 3.87E+07 1.35E+09 ± 1.45E+08 
8.97E-

01 
± 

7.55E-
02aA 

1.61E+09 ± 2.35E+08 2.60E+08 ± 1.91E+08 
1.54E-

01 
± 

9.29E-
02A 

O103 1.50E+09 ± 3.91E+07 8.42E+08 ± 1.68E+07 
5.61E-

01 
± 

5.72E-
03aB 

1.52E+09 ± 1.91E+08 3.53E+08 ± 1.36E+08 
2.32E-

01 
± 

8.07E-
02A 

O26 1.88E+09 ± 1.10E+07 1.48E+09 ± 3.57E+08 
7.85E-

01 
± 

1.89E-
01AB 

1.20E+09 ± 2.40E+08 6.40E+08 ± 4.40E+08 
5.88E-

01 
± 

4.27E-
01A 

Cultures incubated in sandy-loam soil for 14 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 2.47E+09 ± 1.97E+08 4.27E+05 ± 9.24E+04 
1.72E-

04 
± 

2.50E-
05a 

6.50E+08 ± 1.28E+08 ND  

O103 2.58E+09 ± 9.85E+07 1.43E+05 ± 4.51E+04 
5.51E-

05 
± 

1.53E-
05aA 

8.00E+08 ± 6.56E+07 ND  

O26 1.69E+09 ± 1.97E+08 1.20E+05 ± 4.58E+04 
7.33E-

05 
± 

3.29E-
05aA 

6.63E+08 ± 1.15E+08 ND  

Cultures incubated in sandy-loam soil microcosms for 21 days then directly exposed to ampicillin 

Strain Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 
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Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.26E+08 ± 1.96E+07 2.63E+05 ± 6.66E+04 
2.18E-

03 
± 

8.32E-
04aA 

4.53E+08 ± 2.36E+08 ND  

O103 2.51E+07 ± 8.05E+06 1.63E+05 ± 4.04E+04 
6.87E-

03 
± 

2.46E-
03a 

9.23E+08 ± 2.00E+08 ND  

O26 8.21E+07 ± 7.56E+06 1.83E+05 ± 3.21E+04 
2.23E-

03 
± 

3.14E-
04aA 

5.20E+08 ± 1.25E+08 ND  

Cultures incubated in sandy-loam soil microcosms for one day then diluted and permitted to grow prior to ampicillin 
addition 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 8.76E+08 ± 1.29E+08 4.80E+06 ± 3.73E+06 
5.18E-

03 
± 

3.29E-
03A 

1.77E+08 ± 2.81E+07 1.71E+05 ± 7.89E+04 
9.62E-

04 
± 

3.65E-
04A 

O103 7.43E+08 ± 1.10E+08 4.53E+06 ± 8.50E+05 
6.09E-

03 
± 

3.37E-
04A 

1.76E+08 ± 8.16E+07 7.47E+05 ± 3.52E+05 
4.76E-

03 
± 

3.28E-
03A 

O26 8.09E+08 ± 9.27E+07 2.17E+06 ± 1.44E+06 
2.82E-

03 
± 

2.14E-
03A 

1.12E+08 ± 2.38E+07 2.90E+03 ± 3.59E+03 
2.55E-

05 
± 

2.89E-
05A 

Cultures incubated in sandy-loam soil microcosms for 14 days then diluted and permitted to grow prior to ampicillin 
addition 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 1.30E+08 ± 2.03E+07 1.60E+06 ± 4.23E+05 
1.28E-

02 
± 

5.56E-
03A 

1.92E+08 ± 6.24E+06 3.67E+04 ± 5.49E+04 
1.95E-

04 
± 

2.94E-
04A 

O103 1.18E+08 ± 1.94E+07 1.23E+06 ± 4.03E+05 
1.02E-

02 
± 

1.81E-
03A 

1.60E+08 ± 4.44E+07 2.52E+04 ± 6.35E+03 
1.64E-

04 
± 

5.81E-
05A 
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O26 1.15E+08 ± 2.57E+06 1.28E+06 ± 4.18E+05 
1.11E-

02 
± 

3.50E-
03A 

1.21E+08 ± 2.71E+07 2.10E+04 ± 1.73E+04 
1.66E-

04 
± 

1.16E-
04A 

The strains were individually introduced into dialysis cassette membranes containing M9 medium and incubated in saturated sandy-loam soil 
microcosms for up to 21 days. After the incubation period, the dialysis cassettes were removed, and the cassette contents were divided into pairs of 
tubes. In the first tube, ampicillin was added and left for 8 h to assess the general population of antibiotic-tolerant cells (persister, tolerant, and 
VBNC cells). In the second tube, M9 was added and the cultures were incubated for 2 h to stimulate the growth of tolerant and culturable persister 
cells, which were subsequently challenged with ampicillin for 8 h. In both cases, the cells were enumerated via viability staining (microscopic-
based) and by plating onto M9 agar (culture-based). ND = no detected growth on agar plate after ampicillin addition. a = significant difference in 
the proportion of persister cells between STEC strain within the same enumeration and incubation condition. A, B = no significant difference in the 
proportion of persister cells between strains followed by the same letters within the same enumeration and incubation condition. ± represent the 
standard deviation of three replicate samples. 

 

 

 

 

 

 

 

 

 

 

 



158 

Table a. 4. Effects of nutrient deficiency for 14 days on modulating persister state of STEC strains. 

Cultures incubated in soft-agar for 14 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 2.27E+09 ± 4.03E+08 7.33E+04 ± 1.53E+04 
2.65E-

05 
± 

3.84E-
06A 

1.25E+09 ± 1.05E+08 ND  

O103 2.83E+09 ± 6.62E+08 8.67E+04 ± 1.15E+04 
3.11E-

05 
± 

6.93E-
06A 

1.33E+09 ± 1.85E+08 ND  

O26 2.09E+09 ± 7.38E+08 5.33E+04 ± 1.07E+04 
3.02E-

05 
± 

2.12E-
05A 

1.84E+09 ± 5.82E+08 ND  

Cultures incubated in tube containing dH2O for 14 days then directly exposed to ampicillin 

Strain 

Viable Microscopic Counts (Cells/mL) Culture-based Counts (CFU/mL) 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

Ave Pre-Antibiotic 
(N0), n=3 

Ave Post-Antibiotic 
(N), n=3 

Ave persister 
N/N0 

O157 3.00E+07 ± 7.27E+06 4.33E+04 ± 1.84E+04 
1.40E-

03 
± 

3.08E-
04A 

1.45E+07 ± 1.88E+07 ND    

O103 2.40E+07 ± 1.50E+06 3.17E+04 ± 1.53E+03 
1.32E-

03 
± 

1.43E-
04A 

3.57E+06 ± 2.21E+06 4.50E+01 ± 4.27E+01 
1.04E-

05 
± 

6.53E-
06A 

O26 1.27E+07 ± 7.76E+06 3.43E+04 ± 1.46E+04 
3.67E-

03 
± 

2.83E-
03A 

1.12E+06 ± 1.20E+06 2.89E+00 ± 9.20E+00 
9.20E-

06 
± 

4.56E-
06A 

The STEC strains were individually introduced into a dialysis cassette membranes containing M9 medium and incubated in soft-agar for 14 days. 
After the incubation period, the dialysis cassettes were removed, and the cassette contents were directly exposed to ampicillin for 8 h. Alternatively, 
tubes containing sterile dH2O were individually inoculated with the test STEC strains and incubated for 14 days before being directly exposed to 
ampicillin for 8h. In both cases, the cells were enumerated via viability staining (microscopic-based) and by plating onto M9 agar (culture-based). a 
= significant difference in the proportion of persister cells between STEC strain within the same enumeration and incubation condition. A, B = no 
significant difference in the proportion of persister cells between strains followed by the same letters within the same enumeration and incubation 
condition. ND = no detected growth on agar plate after ampicillin treatment. ± represent the standard deviation of three replicate samples. 
 


