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ABSTRACT
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Dr. Keith Warriner

Persisters refer to a subpopulation of cells that enter a dormant state despite conditions
being favorable for growth. By entering a dormant state cells exhibit high stress tolerance, in
addition to antibiotic resistance. The study illustrated that STEC serotypes exhibit a range of
abilities to enter into the persister state and that indole may play a role in regulating transition
into the dormant state. Studies focused on agents encountered in the field environment that could
induce the persister state within STEC to explain the extended persistence of the pathogens
within soil. It was found that E. coli O103 produced a greater proportion of persisters in
comparison to both O157 and P36, a generic E. coli strain. The inclusion of 500μM of indole
increased the number of persisters formed by E. coli O103 compared to controls. Other agents
tested did not statistically produce more persisters compared to controls although levels were
highly variable between replicates. The study illustrated that STEC serotypes exhibit a range of
abilities to enter into the persister state and that indole may play a role in regulating transition
into the dormant state.
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1 Literature Review
1.1 Introduction
Rates of foodborne illness linked to fresh produce have increased over the past decade
(Sivapalasingam et al. 2004, Feng 2014). Pathogens which were initially thought to be associated
with meat, such as Shiga toxin-producing E. coli (STEC) are also of interest to producers and
manufacturers of ready to eat foods (Arthur, Barkocy-Gallagher, Rivera-Betancourt, &
Koohmaraie, 2002; Feng, 2014). Although the O157 serotypes has historically been important,
data shows that non-O157 incidences are on the rise (Gould et al., 2013). This raises questions
not only about the how these pathogens exhibit enhanced tolerance to antimicrobial interventions
applied in the food industry. The increasing number of STEC related fresh produce linked
infections suggests that the pathogens undergo extended persistence outside the gastrointestinal
tract (Gould et al., 2013).
Persister cells are a subpopulation of dormant cells within a growing culture and as such
are temporary resistant to antimicrobial agents such as antibiotics, in addition to oxidative stress
(Shah et al., 2006; Wu, Vulić, Keren, & Lewis, 2012). However, persisters are capable of being
revived out of this state and become growing cells while still retaining their virulence and
susceptibility to antimicrobials (Fremaux et al., 2008; Shah et al., 2006). It is hypothesized that
this state is controlled by a toxin anti-toxin system, and as such is governed by the ratio of toxin
to anti-toxin (Page & Peti, 2016a). Although their existence has been noted as early as the 1940s
in Staphylococcus, there are multiple knowledge gaps that exist within the literature. In regard to
STEC, it is currently unclear whether or not they produce persisters or how the toxin-antitoxin
system is regulated.
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Two types of persisters have been proposed. The first are type I persisters, which are
induced in the stationary phase and could be reflective of the inoculation culture being used
(Balaban, Merrin, Chait, Kowalik, & Leibler, 2004). The second are type II persisters are
induced stoichiometrically based on the total number of cells within a culture during the
exponential phase (Balaban et al., 2004). However, it should be noted that regardless of type,
persisters have been shown to revert back to growing phase after an extended lag phase (Amato,
Orman, & Brynildsen, 2013; Balaban et al., 2004; Orman & Brynildsen, 2015). The literature
review will cover proposed genetic mechanisms governing the persister state as well as chemical
and environmental influencers that have been proposed, with a focus on the agricultural food
chain.
1.2 Produce Consumption in Canada
Currently, the World Health Organization recommends consuming a minimum of 400g
of fruits and vegetables daily in order to improve overall health (WHO, 2018). The Canada Food
Guide recommends that adults should consume 7-10 servings of vegetables and fruits each day
depending on age and gender (Health Canada, 2012). Given that 30% of Canadians reported that
they consumed fruits or vegetables at least five times a day in 2016, it places an important light
on ensuring that the produce people consuming is safe (Health Canada, 2012). This is
particularly challenging, as it has been demonstrated that field acquired contamination can go to
the consumer, and that biocidal washes have a limited effect on mitigating this (Barrera,
Blenkinsop, & Warriner, 2012).
1.3 Escherichia coli
The primary environment of E. coli is within the gastrointestinal tract of warm blooded
animals, although it is readily isolated from a wide range of plants and animals, and is usually
2

non-pathogenic (Gordon, 2013). It is a gram negative, facultative anaerobic bacillus. Under
anaerobic conditions, it uses a fermentative metabolism resulting in a number of different
compounds including ethanol, succinate, formate, acetate and lactate (Lopez & Gomez, 1996). It
is the most common facultative anaerobe in the lower intestine of mammals (Blount, 2015). E.
coli does supply its host with benefits – it produces vitamin K and vitamin B12, in addition to
acting as a biological buffer (Blount, 2015).
1.3.1 Shiga Toxin-Producing E. coli
Although most E. coli are non-pathogenic, there are some important serotypes which can
cause infections. These can be divided into 6 categories, or pathotypes, which are demonstrated
in figure 1: enteropathogenic (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli
(EAEC), enteroinvasive E. coli (EIEC) diffusely adherent E. coli (DAEC), uropathogenic E. coli
(UPEC) and Shiga toxin-producing E. coli (STEC)¸ which is also referred to as verotoxinproducing E. coli (VTEC) (Kaper, Nataro, & Mobley, 2004). Although serotypes that produce
Shiga toxin are of most concern, not all Shiga toxin producing strains are of equal pathogenic
capabilities. E. coli O157:H7 has been the microbe of interest when it comes to STEC serotypes.
Strains of O157:H7 can carry either or both of the stx1 and stx2 genes. These genes are carried on
bacteriophages (pro-phages), which are capable of inserting their genetic material into their host
(Shaikh & Tarr, 2003). E. coli O157:H7 is capable of causing attaching and effacing lesions on
enterocytes, resulting in the loss of microvilli from the intestinal epithelium and allowing for
intimate attachment of the bacteria to the cell surface to the locus for enterocyte effacement
(LEE), a chromosomal pathogenicity island that some STEC possess (Paton & Paton, 1998).
Although the O157:H7 has been of historical importance, increasing incidences of nonO157 STEC has highlighted the relevance of other serotypes. Their importance first became
3

apparent when the test that detects O157:H7, which is based on its ability to ferment sorbitol and
being glucronidase negative, was unable to detect these serotypes. Instead, immunological based
assays which relied on reacting with the Shiga toxin or the lipopolysacchardies itself were
necessary in order to detect non-O157 strains which were causing clinical or foodborne
infections (Fey, Wickert, Rupp, Safranek, & Hinrichs, 2000). The FDA now refers to the six
most common non-O157 disease causing strains as the big six; O26, O45, O103, O111, O121
and O145 (Bertoldi, Richardson, Schneider, Kurdmongkoltham, & Schneider, 2017).

Figure 1: Different pathogenic strains of E. coli, which are depicted using small orange ovals
interacting with epithelial cells in grey. Adapted from Bhunia A.K. (2018).
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1.4 Foodborne Illness Outbreaks of STEC Linked to Fresh Produce
There has been a significant increase in cases of non-O157 Shiga toxin-producing
Escherichia coli, or STEC, implicated in foodborne illness outbreaks linked to fresh produce
including lettuce and mung beans. Although O157 strains are generally the focus of study, the
rising non-O157 incidence rates are a cause for concern, jumping from 0.12 per 100,000 in 2000
to 0.95 per 100,000 of the population in 2010 (Gould et al., 2013). As of 2015, non-O157
serotypes accounted for 56.1% of all diagnosed STEC infections whereas O157 accounted for
44% in the United States (CDC, 2017). Additionally, studies have shown that non-O157 strains
can be just as virulent and may capable of causing permanent kidney damage through hemolytic
uremic syndrome, or HUS, as O157:H7 STEC does (Brooks et al., 2005). A breakdown of recent
produce associated outbreaks, pathogens and number of recorded infections recorded by the
CDC can be found in table 1.
Table 1: List of outbreaks from 2011-2018 associated with fruits and vegetables where the
pathogen of concern was a non-O157 STEC species. Adapted from CDC Foodborne Illness
Outbreak Database (2018).
YEAR

PRODUCT

PATHOGEN

2017
2014
2014

Spinach
Cabbage Salad
Raw Clover
Sprouts
Iceberg Lettuce
Raw Clover
Sprouts
Shredded
Romaine Lettuce

E.coli O26
E. coli O111
E. coli O121

NUMBER OF RECORDED
INFECTIONS
6
15
19

E. coli O26
E. coli O26

26
29

E. coli O145

26

2013
2012
2010
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1.4.1 Mung Bean Associated Outbreaks
Mung bean sprouts are often consumed shortly after sprouting. Given that these products
are usually consumed with minimal cooking, this makes this product a concern regarding food
safety. This concern was highlighted in 2011 when an outbreak of E. coli O104:H4 (an
aggregative E. coli that had acquired the stx gene) was traced back to an organic bean sprout
farm, resulting in approximately 3,000 confirmed cases and 18 deaths (Burger, 2011). The
source of this contamination was determined to be from a shipment of fenugreek seeds from
Egypt, resulting in over 4,000 cases and 50 deaths across 16 countries (WHO, 2011). Another
outbreak associated with sprouts occurred in Sakai City, Japan in 1996. This outbreak spread
across multiple weeks and lead to 4000 cases of E. coli O157:H7 which was traced back to
radish sprout producer (Barrera et al., 2012).
1.4.2 E. coli Growth on and Within Mung Bean Sprouts
Bioluminescent E. coli was introduced onto mung bean seeds prior to germination, which
allowed for the visualization of the pathogens on the sprouting plants (Warriner, Spaniolas,
Dickinson, Wright, & Waites, 2003). The researchers noted that slower growing cells were found
within the grooves between the epidermal cells of the hypocotyls, an area of the stem directly
above the plant root (Warriner, Ibrahim, Waites, Dickinson, & Wright, 2003). It has also been
demonstrated that this contamination can not be removed by conventional washing as the
pathogens had become internalized (Spaniolas, et al., 2003). This demonstrates that E. coli is not
only capable of growing on sprouting beans, but can be further internalized by the plant and
protected from commonly used intervention methods.

6

1.4.3 Possible sources of Microbial Contamination: Manure Amended Soils
One potential source of these bacteria being introduced onto plant is the organic
amendments added to soil as part of nutrient management. It is possible for composted manure to
lead to direct contamination of plants, soil, and water (Duffy, 2003). Currently, there is
regulation in place that there must be a 90 - 120 day period after manure application and time to
harvest of crops that do not have direct contact with soil (Shaikh & Tarr, 2003). The survival of
enteric pathogens in soils under natural climactic conditions was tested to see if this was
sufficient time to allow for die off of pathogens (Erickson, Smith, Jiang, Flitcroft, & Doyle,
2015). It was reported that pathogen die-off occurs due to heat accumulation during aerobic
composting of organics within soil amendments (Erickson, Smith, Jiang, Flintcroft, & Doyle,
2015). The die-off of STEC in the soil environment is dependent on various factors including
carbon source (Erickson, Smith, Jiang, Flitcroft, et al., 2015). E. coli O157:H7 introduced into
manure amended soil was able to be recovered after 12 weeks (Erickson, Smith, Jiang, Flintcroft,
et al., 2015). In other studies, the survival of O121 have been reported to be beyond 365 days
(Fremaux et al., 2008). This presents problems with manure application, as it demonstrates that
the pathogens are dormant in the soil when the crops are harvested. Coupled with the observation
that sprouting bean sprouts are capable of internalizing pathogens, this is problematic from a
food safety perspective and could be a contributing factor to foodborne illness outbreaks
(Warriner, Ibrahim, et al., 2003).
1.4.4 Possible Sources of Contamination: Post-Harvest Washing
Currently, it is common in industry to use chlorinated water (50-200 mg/L) to wash fresh
produce due the low cost and high availability of hypochlorite (García-Gimeno & ZureraCosano, 1997; Zhang, Mi, Phelan, & Doyle, 2009). The chlorine reacts with organic matter and
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is depleted, producing by-products thereby decreasing antimicrobial action (Green & Stumpf,
1946; Ingols et al., 1953). Despite these positives of chlorine treatment, chlorine treatments
include the potential for cross contamination and limited efficiency in removing contamination
(<1 log CFU reduction) (Perez-Rodriguez, Begum, & Johannessen, 2014). Additional concerns
remain that some pathogens may develop an increased tolerance to chlorine. Although not a
pathogen, this tolerance exhibited by a Bacillus subtilis isolate which was capable of surviving
exposure to a 0.03% chlorine wash and became cross resistant to peroxide, capable of surviving
exposure of up to 7.5% while in its vegetative state (Sivapalasingam, Friedman, Cohen, &
Tauxe, 2004). The isolate was from a washer disinfector, and the researchers speculated that the
resistance was due to inappropriate concentration of disinfectant being used or insufficient
contact time (Sivapalasingam et al., 2004).
1.4.5 Microbial Guidelines for Fruit and Vegetables
The Canadian Food Inspection Agency (CFIA) puts fresh fruits and vegetables into
category three ready-to-eat foods, which means they are held to higher microbiological standards
than cooked products. Although there are no specific guidelines concerning the aerobic plate
counts of category 3 foods, it is unacceptable to have generic E. coli in excess off 100 CFU/g or
any detectable level of VTEC (Department of Health Canada, 2010).
To detect the presence of pathogens on fresh fruit and vegetables, Health Canada has an
approved list of methods including an enzyme immunoassay, Taq Gene Detection Systems,
polymerase chain reaction and other options described in the Health Canada Compendium of
Analytical Methods (Department of Health Canada 2018). Concerns remain regarding
polymerase chain reaction positive but culture negative samples. Polymerase chain reaction
(PCR) relies on amplifying and detecting the DNA found within a sample, whereas culturing
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relies on providing the bacteria with adequate nutrients and growth conditions to become
detectable. If the STEC target are not present in adequate amounts post enrichment, or if
different serotypes contain different virulence factors, culturing may not lead to a detectable
result (Lleo et al., 2014). However PCR can yield positive results from a low number of bacteria
as it relies on the amplification of the starting DNA (Lleo et al., 2014).
1.5 Persistence of Shiga Toxin-Producing E. coli
The persister state may play a role in the phenomenon of E. coli survival in manure
amended soils. Persisters have been noted, although without name, since early microbiological
studies dating back to the 1940s working with Staphylococcus (Hobby, Meyer, & Chaffee,
1942). Supplementary tests have been done since then, with the most important and defining
parameter of persisters being that they are genetically identical to the susceptible population with
enhanced tolerance to intervention methods such as antibiotic addition (Putrin et al., 2015).
1.5.1 History of Persister Cells
The term persister can be traced back to 1944, when Joseph Bigger noted that penicillin
did not completely clear Staphylococcal infections (Bigger, 1944). Through an experiment in
which Bigger examined the effect of using penicillin on Staphylococcal pyogenes in varying
amounts of broth, he discovered that a low number of cells remained following lethal levels of
exposure to penicillin (Bigger, 1944). He also asserted that persisters were present in the broth
culture used as an inoculum, raising questions regarding the potential carryover of persisters
from an inoculation culture on the final number of persisters recovered (Bigger, 1944).
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1.5.2 Persister Cells Compared to Viable but not Culturable Cells
Persistence can be confused with viable but not culturable (VBNC) cells, as they are both
states of dormancy. However, persister cells are able to come out of their dormancy when
presented with the appropriate nutrition and growth conditions, whereas VBNC are unable to
recover without a recovery step (Ayrapetyan, Williams, & Oliver, 2015).
Another theory exists that the persister state is an intermediate state between the normal,
growing state and the VBNC state. Ayrapetyan et al (2015) suggested that the persister state and
VBNC cells are both part of what was termed the “dormancy continuum”, shown in figure 2.
This model suggests that log phase cells would first transition to persister cells before becoming
VBNC cells (Ayrapetyan et al., 2015).

Figure 2: Proposed system by Ayrapetyan et al (2015) to connect VBNC cells and persister
cells. In this theory, persister cells are an intermediate between active cells and VBNC cells
which can be recovered into an active cell with sufficient resuscitation time to allow for it to be
cultured on media. In the case of VBNC, the resuscitation step is required in order to become an
active cell again.
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1.5.2 Type I vs Type II Peristser Cells
Persisters can be divided into two types which are differentiated based on when during
the growth phase they are formed, as demonstrated in figure 3. Type I persisters emerge during
the stationary phase or under stress, such as exposure to an antibiotic (Amato et al., 2013;
Balaban et al., 2004; Orman & Brynildsen, 2015). Type II persisters convert to the dormant state
during exponential growth, although this is controlled by the same factors as type I (Orman &
Brynildsen, 2015). However, the assertion of two different types of persisters exist has come
under scrutiny. Wood and Kim (2017) argue that the cultures which the researchers used to
isolate type II persisters had low growth rates, and as such the researchers could not accurately
discern between persister cells and tolerant cells (Kim & Wood, 2017). Additional remarks
include that these cells were capable of growing in the presence of antibiotic due to being
exposed to several rounds of antibiotic treatment, which is not characteristic of persisters and
instead of developed tolerance (Kim & Wood, 2017). This theory raises questions about whether
persisters are induced during growth or if they were pre-existing in the inoculum used to start the
cultures.
If these two types of persisters exist, then the inoculation level would be an important
determining factor in the number of persisters found in an exponential phase culture. This notion
is not only deduced by Orman & Brynildsen (2015), but also by Bigger (1944) who explicitly
commented on this in his work. If instead they are formed exclusively type II persisters during
the exponential phase, or if they are formed as both type I and II persisters, then the inoculation
level may play a less important role in the number of persister cells recovered within a culture.
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Figure 3: Differences in formation of type I and type II persisters in relation to growth phase
according to the theory set out by Balaban et al., (2004). Adapted from Carvalho, Guilhen,
Balestrino, Forestier, & Mathias (2017).
1.5.3 Toxin-Antitoxin Systems
The idea that a toxin- anti-toxin (TA) system could be implicated in persister formation
stemmed from the observation that TA operons encoding mRNA endonucleases (mRNases) were
higher in persister populations (Keren, Shah, Spoering, Kaldalu, & Lewis, 2004; Shah et al.,
2006). Additional studies have shown that eliminating these mRNA endonucleases causes a
marked decrease in the number of persisters formed in E. coli (E. Maisonneuve, Shakespeare,
Jorgensen, & Gerdes, 2011). These mRNases are inhibitors of cell growth, and in this TA system
are classified as toxins (Keren, Shah, et al., 2004; Shah et al., 2006). Their corresponding antitoxins are readily degraded by Lon proteases, implicating these Lon proteases as determining the
toxin antitoxin ratio within a cell and in turn whether or not these cells become persisters as
demonstrated in figure 4 (Hansen et al., 2012).
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Figure 4: Adapted from Page & Peti (2016b). Shown in blue are normal growing cells in which
the antitoxin concentration exceeds the toxin concentration. Shown in red are persisters, in which
the toxin exceeds the antitoxin concentration. Importantly, this demonstrates how becoming a
persister cell is a reversible process and how cells can be induced into this state through stress.
Another toxin-antitoxin system which has been implicated in persister formation is hipA
and hipB genes that are over-expressed in the presence of ampicillin, kanamycin or tobramycin
(Black, Irwin, & Moyed, 1994; Moyed & Bertrand, 1983; Schumacher et al., 2009). hipA is the
toxin in the toxin antitoxin hipAB system, where overexpression of hipA stops protein synthesis
and pushes the cell into the persister state and hipB represses the operon by cooperatively
binding to four operator sites (Black et al., 1994; Moyed & Bertrand, 1983; Schumacher et al.,
2009). It has been demonstrated that mutating either the hipA or the hipB gene increases the
amount of persisters formed 10-3 to 10-6 fold, suggesting that this system plays a role in
modulating the persister state (Keren, Kaldalu, Spoering, Wang, & Lewis, 2004).
Yet another toxin- anti-toxin system associated with persistence is the tisAB/istR system,
which is a toxin-antitoxin system which is governed the SOS response. The protein IstR1 is an
antitoxin which controls the production of TisB (Dörr, Vulić, & Lewis, 2010). A molecule that
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has been implicated in the formation of persisters is the TisB toxin, which is upregulated by the
SOS response, a signalling pathway in bacteria that causes increased DNA repair functions (Dörr
et al., 2010). TisB itself is peptide that binds to the cellular membrane and disrupts the proton
motor force, which in turn causes a drop in ATP levels (Wu et al., 2012). To demonstrate this,
researchers generated a strain of E. coli that overexpressed tisB, which caused an increase in the
number of persisters (Dörr et al., 2010). However, it should be noted that overexpression of tisB
also causes an increase in drug tolerance, making its role in persistence more difficult to
determine (Vazquez-Laslop, Lee, & Neyfakh, 2006).
1.5.3.1 Genetic Mechanisms of Persister Formation
The factors governing persister formation lie in their gene expression, and the external
factors that regulate these genes. In brief, this increase in persistence can be explained by an
initial increase in (p)ppGpp, a universal signalling molecule, which is regulated by RelA (Amato
et al., 2013; Gallant, Palmer, & Pao, 1977). RelA itself can be regulated through amino acid
starvation and heat shock, which results in an increase of (p)ppGpp within the cell (Gallant et al.,
1977; Haseltine, Block, Gilbert, & Weber, 1972). Through a cascade reaction, this results in the
down regulation of metabolism, down regulation of protein synthesis, and alterations in
membrane structure and potential, which when taken together is commonly referred to as the
stringent response (Gerdes & Maisonneuve, 2015; Hauryliuk, Atkinson, Murakami, Tenson, &
Gerdes, 2015). The ubiquitous messenger, (p)ppGpp, has been shown to increase within cells
during times of stress, such as when these bacteria are exposed to an antibiotic (Dalebroux,
Svensson, Gaynor, & Swanson, 2010). It has also been shown as necessary for the bacteria to be
virulent (Dalebroux et al., 2010). However, these connections fail to explain why only a small
proportion of cells are converted to this persister state given that (p)ppGpp is a ubiquitous
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signalling molecule found in all cells. This suggests that there may be additional signals needed
for phenotypic switch from growing to persister state (Hauryliuk et al., 2015).
Other molecules have also been associated with persistence when overexpressed – both
DnaJ and PmrC. DnaJ is a cofactor in the Hsp 70 system which recognized polypeptide chains
when they are in their extended conformation during protein folding in E. coli (De Groote et al.,
2009). PmrC is a protein which originates from Salmonella enterica which is associated with
polymyxin resistance (H. Lee, Hsu, Turk, & Groisman, 2004). When these proteins are
overexpressed they become toxic to the cell. The researchers were trying to determine whether
overexpression of toxin- anti-toxin associated molecules were the only molecules capable of
inducing persistence, or if other unrelated proteins which causes toxicity are also capable of
doing so (Vazquez-Laslop et al., 2006). The researchers found that overexpressing dnaJ or pmrC
in E. coli lead to levels of persistence comparable to when hipA was overexpressed, raising
questions about whether toxin-antitoxin are responsible for persistence, or if the artificial
overexpression of protein leading to toxicity in the cell induced persistence (Vazquez-Laslop et
al., 2006). It is also important to note that the pmrC gene is not native to E. coli, which raises
questions about whether the previous observations regarding protein upregulation were a result
of the protein itself, or if overexpressing any protein would result in an increase in persistence
(Vazquez-Laslop et al., 2006).
Regarding VBNC cells, some of the molecules that transition cells into dormancy are
very similar. (p)ppGpp is a key regulator and has been shown to induce entry into a VBNC state.
(p)ppGpp has also been shown to aid in regulation RpoS, which can enhance persistence of
VBNC cells (Zhao, Zhong, Wei, Lin, & Ding, 2017). This relationship is outlined in figure 5.
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Figure 5: Adapted from Zhao et al., (2017). Diagram connecting how RpoS, (p)ppGpp can lead
to a normal cell (1), a VBNC cell (2) or a persister cell (3). This diagram follows the theory set
out by Ayrapetyan et al., (2015) that the persister state is a transient state between a normal cell
and a VBNC cell.
1.5.3.2 Implication of Lactate Dehydrogenase A in persister formation
Researchers found that there was a correlation between the expression of the ldhA gene
and the number of persisters formed (Yamamoto et al., 2018). This enzyme catalyzes the
reduction of pyruvate to lactate with NADH acting as electron donor. To demonstrate the role of
lactate dehydrogenase, an E. coli strain was constructed to overexpress ldhA in the presence ofi
isopropyl β-D-1-thiogalactopyranoside (IPTG). The mutant was grown in the presence of the
inducer for between 3-20 hours prior to exposing the culture to different antibiotics including
ofloxacin, ampicillin and gentamicin. In every case, it was found that the overexpression of ldhA
led to increased in the levels of persisters in comparison to the control strains, sometimes as
much as 100-fold (Yamamoto et al., 2018). Although interesting, it is of note that the persister
assay was determined through antibiotic challenge following a three hour exposure to the
antibiotic in question, which may have been selecting for tolerant cells as opposed to persister
cells.
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1.5.3.3 Role of Oxidative Stress on Persister Formation
Researchers utilized paraquat, which leads to the production of reactive oxygen species,
to induce oxidative stress in E. coli (Wu et al., 2012). Early exponential phase cultures were
exposed to paraquat for 30 minutes prior to exposure to either ampicillin, kanamycin or
ofloxacin, resulting in an increased number of persisters when compared to cultures which had
not been exposed to paraquat (Wu et al., 2012). This effect was observed regardless of what type
of antibiotic applied to select for persisters (Wu et al., 2012). This suggests that oxidative stress
induces persistence in E. coli species.
1.5.3.4 Influence of Reduced Redox Potential on Persisters
To deduce the influence of a reduced redox potential on persister formation, researchers
inhibited respiration in early and late stationary phase cultures of E. coli (Orman & Brynildsen,
2015). This was done by exposing cultures of E. coli to either 1mM potassium cyanide, or by
moving the cells into an anaerobic chamber prior to ampicillin treatment (Orman & Brynildsen,
2015). As previously noted, this would result in a metabolic switch and the E. coli would begin
producing succinate, lactate, ethanol, and acetate as shown in figure 6.
The researchers noted that a reduced redox potential in the early stationary phase resulted
in a decreased number of persisters, although the same effects were not observed in the
stationary phase (Orman & Brynildsen, 2015). The researchers also altered the strains to
overexpress catalases and superoxide dismutase that correlated to an increase in the proportion of
persisters (Orman & Brynildsen, 2015). However, it is of note that these experiments focused on
stationary phase cultures and in turn type I persisters.
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Figure 6: Fermentation pathway E. coli in anaerobic conditions.
1.6 Chemical Inducers of Persistence
Studies have shown that exposure to specific chemicals can cause an increase in persister
cells. As an example, researchers found that including indole in the medium prior to exposing E.
coli increased the proportion of persisters recovered (Vega et al., 2012). A knockout strain of E.
coli that was unable to catalyze the conversion of tryptophan to indole was compared to a wildtype E. coli. In the knockout mutant, the number of persisters was lower than that of the
wildtype, but increased when incubated with indole in the media (Vega, Allison, Khalil, &
Collins, 2012). This finding indicates that these underlying molecular mechanisms governing
persistence could be influenced by indole rather than pre-imposed stress alone. The authors noted
that indole is produced by the bacteria during nutrient limiting conditions, alluding to the idea
that indole is a regulator of the persister state (Vega et al., 2012).
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1.6.1 Exogenous Influence of Indole on persistence
It has been shown that bacteria within the rhizosphere are capable of producing indole in
the form indole acetic acid, which aids in plant growth (Ghosh & Basu, 2006). Additionally,
indole is produced by some sprouting plants (Ghosh & Basu, 2006).
Within microbial communities, indole has been shown to have different roles in
intercellular signalling. A study conducted by Wang et al. (2001) demonstrated that E. coli
species utilize indole as an intercellular signal after isolating it from E. coli supernatant. The
researchers also demonstrated that indole could activate astD, tnaB, and gabT genes in a
concentration dependant manner (Wang, Ding, & Rather, 2001). These genes correspond to Nsuccinylglutamate 5-semialdehyde dehydrogenase, low affinity tryptophan permease, and 4aminobutyrate aminotransferase, respectively. Other research has shown that indole is capable of
modulating the activity of different drug exporter genes, implicating indole in antimicrobial
resistance (Hirakawa, Inazumi, Masaki, Hirata, & Yamaguchi, 2005). Overall this seems to
suggest that indole may be a signal in inducing persistence in E. coli species.
This hypothesized effect of indole was tested by Vega et al (2012) where exponential
cultures were incubated with 500μM indole for an hour, which caused an increase in the number
of persisters formed (Vega et al., 2012). Vega et al (2012) also noted that deleting the gene
which catabolizes tryptophan to indole (tnaA) resulted in decreased persister levels, suggesting
that indole is an important signal in persistence (Vega et al., 2012). However, it was also noted
that the deletion of the tnaA gene did not result in a complete elimination of persisters,
suggesting that other signaling molecules may also contribute to the persister state (Vega et al.,
2012).
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Given that indole is produced by sprouting plants and has been demonstrated to impact
persister formation, it is possible that the root exudates produced by sprouting plants could play a
role in persister formation (Ghosh & Basu, 2006; Vega et al., 2012). A summary of current
research regarding E. coli persisters can be found in table 2.
Table 2: Summary table of different factors that have been shown to impact the persister state in
E. coli.
Influencer

Bacterial
Model

Effect on Persister
Formation

Toxin-Antitoxin
systems implicated
through endonuclease
knockout
Toxin-Antitoxin system
hipAB

E. coli K-12

Eliminating mRNA
endonucleases caused a
decrease in persisters formed.

E. coli K-12

Toxin-Antitoxin system
tisAB/istR
Overexpression of
native proteins

E. coli MG1655

Overexpression of
proteins from other
species

E. coli K-12

Lactate
dehydrogenase A

E. coli MG1655

Oxidative stress

E. coli K-12
BW25113

Reduced Redox
Potential

E. coli MG1655

Indole

E. coli

Mutations in hipA or hipB
genes increased persister
formation 3-6 orders of
magnitude.
Overexpressing tisB caused an
increase in persisters formed.
Overexpressing dnaJ caused an
increase in the number of
persisters formed.
Overexpressing pmrC, a protein
originally isolated from
Salmonella enterica, caused an
increase in the number of
persisters formed.
Upregulating ldhA resulted in
an increase in the number of
persisters formed 100-fold.
Exposing cultures to paraquat
caused an increase in the
number of persisters formed
Exposing cultures to an
anaerobic chamber or 1mM
potassium cyanide resulted in a
decrease in the number of
persisters formed.
Exposing cultures of E. coli
which are genetically modified
to be unable to produce indole

E. coli MG1655

Citation
(Maisonneuve,
Shakespeare,
Jorgensen, & Gerdes,
2011)
(Keren, Kaldalu, et al.,
2004).

(Dörr et al., 2010)
(Vazquez-Laslop et al.,
2006)
(Vazquez-Laslop et al.,
2006)

(Yamamoto et al.,
2018)
(Wu et al., 2012)

(Orman & Brynildsen,
2015)

(Vega et al., 2012)
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to indole resulted in an
increase in persisters formed.

1.6.2 Bile and Bile Breakdown Products
Bile is produced in the liver and stored in the gallbladder, which can then be excreted to
aid in digestion to help absorb fat and cholesterol. Although a large percentage of this bile is
reabsorbed to the liver, 400-800mg of bile is passed through the intestinal tract daily, and can
become a substrate for the resident bacteria throughout the colon (Sorg & Sonenshein, 2008).
Species found within the gastrointestinal tract can transform these primary bile salts such as
cholate and chenodeoxycholate into a number of different forms including deoxycholate and
lithocholate, as demonstrated in figure 6 (Wells & Hylemon, 2000; Wilson, Kennedy, & Fekety,
1982). These primary bile salts can also be conjugated with taurine or glycine, making
taurocholate and glycocholate, respectively (Sorg & Sonenshein, 2008). A diagram of this
breakdown can be found in figure 7.
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Figure 7: Breakdown of bile in human gut systems by bacteria, adapted from Vincent & Manges
(2015).
In manure amended soils, bile and bile breakdown products are detectable, although
which bile salts are found in soils depends largely on the animal that contributed to the manure
(Tyagi, Edawards & Coyne, 2009). In the case of cows, chickens, horses and pigs both
deoxycholic acid and cholic acid are detectable simulated run-off from rainfall in manure
amended soils (Tyagi, Edwards, & Coyne, 2009). Given that bile is encountered when pathogens
enter the body through ingestion, it is possible that these breakdown products could have an
impact on the persister state.
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1.7 Recovery of Persister Cells
Studies have shown that VBNC cells are more common than persister in stationary cell
cultures. Given that both VBNC and persisters stain as live cells when using viability
BACLIGHT staining, this makes differentiation between the dormant states challenging (Orman
& Brynildsen, 2013). BACLIGHT is a stain that utilizes two stains, SYTO 9 which fluoresces
green and propidium iodide which stains red. Propidium iodide is only capable of penetrating
into cells which have a damaged membrane, while STYO 9 will stain all cells. Regarding
culturing methods, cultures can be grown to a specific log10 cfu/mL before being exposed to
antibiotic and waiting a sufficient amount of time for sensitive and tolerant cells to die off, as
demonstrated in figure 8.

Figure 8: Method used to select for persister cells. Cultures were grown to an OD600 of 0.2
membrane prior to ampicillin addition. Growing cells are sensitive to the antibiotic and die off
quickly, as demonstrated in the figure. Tolerant (slow growing) being sensitive but persisters
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resistant. At the end of the incubation period the dormant cells are recovered then enumerated
using culture based or microscopy techniques.
1.8 Pathogenicity Following Dormancy
As previously discussed, chlorine has a limited effect on contamination when looking at
post-harvest washing. However, it has been hypothesized that using disinfectants such as
chlorine could select for persisters (Darkoh, Chappell, Gonzales, Okhuysen, & Dale, 2015).
Recent work has been done examining the effect of chlorine on VBNC cell of Listeria
monocytogenes and Salmonella enterica. It was found that although the cells were not
recoverable on media after being subjected to 12ppm of chlorine for 2 minutes in the case of L.
monocytogenes and 2 minute exposure to 3ppm in the case of S. enterica, but were still viable by
viability staining (Highmore, Warner, Rothwell, Wilks, & Keevil, 2018).
When Caenorhabditis elegans was exposed to the chlorine treated cultures it was found
that the time to death was not statistically different when comparing Listeria monocytogenes
growing cultures. The worms survived an additional two days when exposed to VBNC
(potentially persisters) Salmonella cultures in comparison to the growing culture, suggesting that
it takes more time for VBNC to revive and cause disease. However, it also demonstrates that
dormant cells still retain their virulence (Highmore et al., 2018).
1.9 Research Rational
The persister state of Shiga toxin-producing E. coli has not been previously explored in
literature. Persistence is a dormant state in which the cells can avoid detection when traditional
culturing methods are utilized, and exhibit survival in the presence of lethal factors. Important
questions remain regarding food safety and persisters, including whether this state could be
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induced by the current agricultural practises such as amending soil with manures or through
interactions with sprouting plants. Given that previous research has explored the effect of indole
on persister formation and that some plants will produce indole during germination, the effects of
plant and plant exudates on persister cells require exploration (Ghosh & Basu, 2006; Vega et al.,
2012). Given the amendments of bile and bile derivatives encountered in soils, it is also pertinent
to explore the effects of these agents on the persister state (Tyagi et al., 2009). It is logical that
any effects observed through the addition of bile and bile derivatives could also apply to human
gut systems.
Additional questions were raised around anoxic environments due to the influence of
lowered redox potential on persister formation (Orman & Brynildsen, 2015). Although research
was conducted looking at the effect of a lowered redox potential on persisters, the researchers
only examined the effect on stationary phase, or type I persisters (Orman & Brynildsen, 2015).
Additionally, the researchers only lowered the redox potential once the stationary phase had been
reached as opposed to exposing the cells to a lowered redox potential from the beginning of the
growth phase (Orman & Brynildsen, 2015). Lingering questions also remain about whether the
effect of a lowered redox potential would be observed during the exponential phase, or on type II
persisters.
Additionally, previous studies have focused on utilizing non-pathogenic E. coli, as
demonstrated in table 2. It is unclear whether the previously observed effects on persistence will
apply to Shiga toxin-producing E. coli.
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Hypothesis and Objectives
Shiga toxin-producing E. coli produces persisters which can be influenced by exogenous
factors. The specific objectives of the study were to:
1. Determine if Shiga toxin-producing E. coli produces persister cells.
2. Determine the influence of indole, bile, bile derivatives, and mung bean root exudates on
the formation of persisters.
3. Determine the influence of anaerobic conditions on the formation of persisters.
2 Methods
2.1 Bacterial cultures and growth conditions
Strains of Escherichia coli P36, O103:H2 and O157:H7 were obtained from University of
Guelph’s Food Science culture collection. E. coli P36 was chosen as a non-pathogenic control.
Overnight cultures were prepared from picking isolated colonies from a plate of
CTSMAC and streaking onto a plate of M9 media (disodium phosphate 33.9g L-1,
monopotassium phosphate 15g L-1, sodium chloride 2.5g L-1, ammonium chloride 5.0 g L-1) and
incubated at 37°C for 48 hours. Once isolated colonies were formed, colonies were chosen and
inoculated into M9 media and grown overnight at 37°C without agitation. In the case of mung
bean studies, the E. coli p36 was incubated overnight in M9 media supplemented with 50μg/mL
kanamycin before inoculating into fresh M9 media supplemented with filter sterilized
kanamycin. Bacteria were enumerated by serial diluting and plating on the relevant media for the
trial, as well as spectrophotometrically using a BioRad SmartSpec Plus at OD600.
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2.2 Influence of Antibiotic Concentration on Persister Formation
Overnight cultures of E. coli O103 and O157 were inoculated into fresh M9 media and
grown to an OD600 of 0.2 at 37°C. The cultures were then exposed to either 100μg/mL or 200
μg/mL of ampicillin and further incubated at 37°C. Samples were taken every hour for a period
of seven hours, with sampled being serially diluted and plated on M9 media. The plates were
incubated for 48 hours at 37°C prior to enumeration.
2.2.2 Isolating Persisters – Effect of Ampicillin Over Time
Overnight cultures of E. coli O157 and O103 were grown to OD600 0.2 in LB media prior
to exposure to 200μg/mL ampicillin. Samples were taken every hour for seven hours, then once
at 12 and 24 hours. Samples were plated on either LB agar, TSA agar or BHI agar and incubated
at either 37°C or 20°C for 24 or 48 hours.
2.2.3 Media Utilized – Minimal M9 Growth media
Minimal M9 media was chosen as it was a defined media, which allowed for the effects
of the tested chemicals on the persister state to be explored without needing to account for the
differential effects that more complex media could impart.
TSB was utilized as nalidixic acid resistant E. coli O103 was unable to grow in the
presence of 1% L-Cysteine in M9 media.
2.2.3.1 Lettuce Homogenate Preparation
To prepare lettuce homogenate, a head of green leaf lettuce with the stem removed was
juiced using a Breville Juice Fountain with Centrifugal Juicer. The extract was then centrifuged
at 15,000rpm for 20 minutes with the supernatant then being filtered through a Whatman no.4
filter twice, followed by a watman no.5 filter twice. This was then filtered through a 0.45 μm
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filter twice until it was finally filtered through a 0.22 μm filter and stored at 4°C until needed, for
a maximum of one week. Alternatively, the extract was frozen prior to 0.22 μm filtering and held
at -20°C until needed, with the final filtration occurring immediately before use. pH and brix
measurements were taken at the time of usage with a Fisher Scientific accumet excel XL20. The
lettuce homogenate used in the trials had an average brix of 7.02 ± 0.1 and a pH of 2.9 ± 0.5.
2.2.3.2 Media Utilized - M9 Agar Supplemented with Lettuce Homogenate
Overnight cultures of E. coli O157 were grown to an OD600 of 0.2 in M9 media and
exposed to 200 μg/mL ampicillin for a minimum of eight hours. These persisters were used to
begin an MPN experiment utilizing either minimum M9 media or M9 media amended with 10
mL of lettuce homogenate added post-autoclave once the media had reached a temperature of
55°C. This was incubated at 37°C over a period of 20 days in order and examined for turbidity to
determine the effects of lettuce homogenate on persister recovery.
2.2.3.3 Culture Preparations
Early exponential bacterial cultures were prepared by inoculating overnight cultures of
stationary phase bacteria into fresh media at a rate of 100 μL into 10 mL unless otherwise
specified and incubated at 37°C. The cultures were grown to the early exponential phase as
indicated by an OD600, verified with a Bio-Rad SmartSpec Plus, as well as serial dilution and
plating on the specified media.
2.4 Type II Persisters Isolated using Growing Culture
Overnight culture of E. coli P36 and O103 was inoculated into 10 mL of M9 fresh media
at rates of 10 μL, 100 μL and 1mL (correlating to between 5 log10 and 7 log10) and grown to the
early exponential phase at 37°C, The culture was then exposed to 200 μg/mL ampicillin and
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incubated at 37C for a minimum of eight hours prior to being plated on M9L. The plates were
incubated for a minimum of 48 hours at 37C prior to enumeration.
2.4.1 Type II Persisters Isolated using Type I Persister Starter Culture
Overnight cultures of E. coli P36 and O103 were used to inoculate 30mL of M9 media
and grown to the early exponential phase (OD600 0.2) at 37°C, confirmed both
spectrophotometrically and via serial dilution and plating on M9L. The cultures were then
exposed to 200μg/mL ampicillin for a minimum of eight hours before being centrifuged down at
4,500rpm for 20 minutes. The ampicillin containing media was removed and the pellet
resuspended in M9 media. The resulting persister culture was then used to inoculate 10mL of
fresh media at a rate of 10μL, 100μL and 1mL and grown to the early exponential phase (OD600
0.2) at 37°C. The cultures resulting from persister inoculation were then exposed to 200μg/mL
ampicillin and incubated at 37°C for a minimum of eight hours before being serially diluted and
plated on M9L media.
2.5 Chemical inducers of persistence
Overnight cultures of P36, O103 and O157 grown in M9 media were used to inoculate
fresh M9 media at a rate of 100μL inoculum to 10mL fresh media, either M9 (controls) or M9
media supplemented with the relevant concentration of the indicated chemical. In order to examine
the effect of these chemicals on type II persisters, the cultures were grown to an OD600 0.2,
confirmed both spectrophotometrically and through serial dilution and plating on M9L. 4mL of
the culture was removed and treated with 200μg/mL ampicillin and incubated at 37°C for a
minimum of eight hours prior to serial dilution and plating on M9L.

29

To examine the effect of these chemicals on the stationary phase or type I persisters, the
remaining culture was incubated overnight to the stationary phase before being diluted in a ratio
of 1:2 and incubated at 37°C to the early exponential phase for prior to being exposed to 200μg/mL
ampicillin for a minimum of eight hours. The resultant was plated on M9 media supplemented
with 200mL L-1 lettuce homogenate and incubated at 37°C for 48 hours prior to enumeration.
With the exception of bovine bile salts (Sigma-Aldrich) which were boil sterilized for 1
minute, all chemicals were sterilized by filtration through a 0.45μm syringe filter. In the case of
indole (Sigma-Aldrich, >99%), methanol was used to dissolve the chemical as opposed to dH2O.
Both sodium deoxycholate (>97%) and sodium cholate hydrate (98%) were sourced from SigmaAldrich.
2.6 Nalidixic Resistant E. coli O103 Survival on Mung Beans
100mL of stationary phase E. coli O103 grown in TSB were introduced onto 100g of mung
beans. The mixture was left at room temperature (~24°C) for 20 minutes to allow for the bacteria
to adhere to the mung beans. Following the 20 minute adhesion time, the media was removed from
the mung beans which were then allowed to dry at room temperature for an hour.
The mung beans were soaked in 100mL of dH2O for 24 hours at 20°C over a period of five
days. Ten grams of the mung beans were sampled and suspended in 90mL of TSB in a stomacher
bag and massaged by hand for one minute prior to sampling. By day 3, the mung beans were soft
enough to allow for stomaching to occur at 260 rpm for one minute via a Seward stomacher 400°C
Lab blender. The resulting suspension was serially diluted and plated onto TSB supplemented with
50μg/mL NA.
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2.6.1 Mung bean influence on Persistence
Overnight cultures of E. coli p36 media were inoculated into fresh media and grown to the
early exponential phase (OD600 0.2) in M9K before 20mL was introduced into 15cm of dialysis
tubing with a molecular weight cut-off of 6000-8000kDa. The dialysis tubing was buried in a
Ziploc container with 50g of dried mung beans. The containers had five 1cm diameter holes drilled
into the bottom, with this Ziploc container being placed inside another Ziploc container without
holes in the bottom to allow for easier rinsing. 500mL dH2O was introduced into the microcosm
prior to being stored for 16 hours at 20°C before the water was removed, with supplementary
soaked for five minutes once a day for a week. Controls were run in Ziploc containers with the
mung beans and rinsed on the same schedule.
In cases where the dialysis tubing had allowed for the efflux of media, the recovered cells
were diluted back to their original concentrations in M9K. This was then treated in three ways.
First, it was plated directly after being recovered from the dialysis tubing. Secondly, the cells were
treated with 200μg/mL ampicillin and incubated at 37°C for a minim0um of eight hours prior to
being plated on M9L. Finally, the bacteria were diluted 1:2 with fresh m9 media supplemented
with 50μg/mL kanamycin and incubated at 37°C until the mid-exponential phase was reached prior
to being exposed to 200μg/mL ampicillin for a minimum of eight hours. All treatments were plated
onto M9K. Additionally, at the end of the seven days the 15 sprout lengths of the produced mung
beans were measured per treatment.
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Figure 9: Mung bean sprouting set-up. Container on the left is the control, in which the dialysis
tubing was kept on the same rinsing and soaking times as the treatment on the left. The treatment
contains 50g of dry weight mung bean sprouts with the dialysis tubing. Dialysis tubing had been
pulled from under the mung beans for visualization purposes, although it was normally buried.
The dialysis tubing is outlined in red.
2.6.2 Mung Bean Influence on Persistence – Nalidixic Acid Resistant O103 Generation
Nalidixic acid resistant O103 was generated by placing a heavy inoculation of O103
isolated on M9L agar into M9 media containing 50μg/mL nalidixic acid. The resulting culture was
plated on TSA with 50μg/mL nalidixic acid to confirm resistance. The identification was
confirmed by API test strip and compared against E.coli O103 and O157.
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The persister formation of the NA resistant O103 were also examined. The persister
numbers were examined by growing cultures inoculated at the same rate to OD600 0.2 before being
exposed to 200μg/mL ampicillin for a minimum of eight hours prior to plating on M9L media.
The dialysis tubing proved difficult to work with and often allowed for the efflux of media,
so instead 10mL of early exponential cultures were introduced into ThermoScientific Slide-ALyzer dialysis cassettes with a 2K molecular weight cut-off before being buried in 50g of mung
beans and soaked overnight in dH2O. The beans were rinsed daily with 350mL of dH2O for 20
minutes for a week prior to the cells being removed and analyzed as previously described.

Figure 10: Post-rinse of the mung bean exposed Slide-A-Lyzer (left) and control (right) for NA
resistant O103. As opposed to drilling holes in the bottom of ziplocs, water was drained from the
samples with care using aluminum foil to keep mung beans in their container.
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2.6.3 BacLight Staining and Haemocytometric Counts
Following harvesting of mung bean exposed P36 cells, the resultant was also enumerated
by BacLight staining following manufacturers direction and counting via haemocytometer. The
resulting treatments were stored at 4C for a maximum of 24 hours prior to enumeration. Due to
the low concentration of cells present after treatment, the cells were stained in the media following
manufacturers directions. These stained cells were then introduced onto a Neubauer improved cell
counting chamber and exposed to 480nm and 535nm to cause fluorescence. Cells were viewed at
400x on an Olympus BX60, with five 4x4 squares being counted, the average of which was taken
and expressed as CFU mL-1.
2.7 Influence of Indole, Sodium Cholate and Taurocholate on Lag Time in E. coli O103
Exponential phase E. coli O103 (OD600 0.2) was exposed to indole, taurocholate, and
sodium cholate hydrate (98%, Sigma-Aldrich) at various concentrations in a 96 well plate. The
plates were kept at a temperature of 20°C. Readings at OD600 were taken every 30 minutes
following a 3 second slow mix for a 9.5 hour period. Data was transformed using the equation 1,
before being fitted using the Gompertz equation (equation 2) to derive lag time and maximum
growth rate.

y(t) = Ln(N/No)
Equation 1: Where y(t) is growth at time t, ln is the natural logarithm, N is the concentration of
cells at the t=x and No is the concentration of cells at t=o.
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Equation 2: Gompertz function or Gompertz model which was used to describe the growth
observed in various concentrations of chemicals. In this equation, a is the coefficient which
defines the model function, b is the coefficient that sets the displacement along the x axis, c is the
coefficient that sets the growth rate and t is time.
The Gompertz function has been previously established as a useful tool when modeling
bacterial growth, as well as being useful when looking at growth which is slow at first but then
speeds up, as is found in bacteria (Zwietering M, Jongenburger I, Rombouts, F, & Van Riet,
1990).
2.7.1 Extended Lag Time Influence on Persister Formation in E. coli O103
Overnight cultures of E. coli O103 were inoculated into M9 media supplemented with
either 1800μM indole. 500μM indole, 6% sodium cholate or 0.2% sodium cholate and grown to
an OD600 of 0.2. The cultures were then exposed to 200μg/mL ampicillin for a minimum of eight
hours before being serially diluted and plated on M9L.
2.8 Influence of Reduced Redox Potential on Persister Formation
The redox potential of L-Cystenine was established via serial dilution in TSB and using
an Oakton Orp Testr Waterproof 10. Overnight culture of E. coli O103 were inoculated into
fresh media at a rate of 100uL per 10mL of TSB media, either with or without 1% added Lcystenine. In the case of regular TSB media, the caps of the culture tubes were replaced with
cotton balls to allow for aerobic growth. The cultures were grown to an OD600 0.2 confirmed
both spectrophotometrically and through serial dilution and plating on M9L media. The cultures
were then exposed to 200μg/mL of ampicillin for a minimum of eight hours before being serially
diluted and plated on M9L.
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In order to examine the effect of a low redox potential on persister formation in E. coli
O103, cultures were grown in TSB supplemented with 1% L-cystenine overnight in a sealed
media jar to the stationary phase. The cultures were then centrifuged down at 4,500rpm for 20
minutes, with the supernatant being filtered through a 0.22 μm pore to remove any residual cells
before being stored at 4°C until needed with a maximum delay of two days.
This spent media was used to supplement fresh TSB at a rate of 20%. 100mL of this
media was placed into a 500mL flask topped with cotton bung. This media was inoculated with
an overnight culture of E. coli O103 alongside TSB, and TSB with 0.2% L-cysteine added.
These cultures were then grown to an OD600 of 0.2 at 37°C. In the case of 1% L-cysteine, the
media was placed in a 100mL media jar.
To mitigate the inhibitory effect of L-cysteine on ampicillin, once the cultures had
reached an OD600 0.2, they were centrifuged down at 4,500rpm for 20 minutes and the media
removed. The pellet resuspended in fresh TSB media before exposure to 200μg/mL of ampicillin
and incubation at 37°C for a minimum of eight hours. This was then serially diluted and plated
on M9L agar. The plates were incubated at 37°C for 48 hours prior to enumeration.
Following the observation that the TSB control produced a larger number of persisters
than anticipated, TSB was run under the same conditions but sterilized prior to introduction into
the volumetric flask. Initial samples had TSB introduced into the flask and then autoclaved,
whereas this sample had TSB sterilized and introduced into a sterile flask.
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Statistical Analysis
Experiments were repeated at minimum three times with two biological replicates. The
bacterial counts are presented as presumptive persisters ml-1. Data was analyzed using one-way
ANOVA and Tukey test, or two-tailed t-tests where applicable using GraphPad Prism.
3 Results
3.1 Method Validation
3.1.1 Ampicillin Concentration Utilized for Persister Isolation

Figure 11: Survival fraction (N/No where No is the counts at time 0) of E. coli O157 and O103
exposed to 100μg/mL and 200μg/mL of ampicillin over a 7 hour period. Persisters are presented
as a survival fraction
No statistical differences were detected at each timepoint between using 100μg/mL and
200μg/mL of ampicillin when examined at individual time points (Figure 10). Ampicillin (200
μg/mL) was selected for subsequent studies to ensure inactivation of tolerant cells.
3.1.1 Effects of Ampicillin Over Time
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Figure 12: Survival fraction (N/No where No is the counts at time 0) of E. coli O103 grown to
OD600 0.2 in LB media prior to exposure to 200μg/mL ampicillin. Samples were taken every
hour for seven hours, then once at 12 and 24 hours as shown in figure 11. Samples were plated
on either LB agar, TSA agar or BHI agar and incubated at either 37°C or 20°C for 24 or 48
hours. Persisters are presented as survival fraction

Figure 13: Survival fraction (N/No where No is the counts at time 0) E. coli O157 grown to
OD600 0.2 in LB media prior to exposure to 200μg/mL ampicillin. Samples were taken every
hour for seven hours, then once at 12 and 24 hours. Samples were plated on either LB agar, TSA
agar or BHI agar and incubated at either 37°C or 20°C for 24 or 48 hours.
No statistically significant differences were detected between with the survival fraction
after 7 hours of incubation when compared to the 24 hour samples, as shown in figure 12 and 13.
This demonstrated that after 7 hours, all the tolerant cells had died off and persisters were
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isolated. For this reason, a minimum of eight hours exposure to ampicillin was utilized in this
study.
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Figure 14: Log10 MPN/ml of E. coli O156 persisters monitored over a period of 20 days
conducted in either M9 media or M9 media supplemented with lettuce at a rate of 20mL per litre.
As demonstrated in figures 12 and 13, longer period of times does not impact the
recovery of persister cells under the applied incubation conditions, as the 24 hour sampled
timepoint was not statistically different from samples taken at time 7 and 12. However,
amending the recovery media with lettuce homogenate increases both the speed of recovery and
the number of persisters recovered (Figure 14). Although these differences did not yield
statistically significant results, the small increase in the number of persister recovered made
utilizing lettuce amended media necessary for the following experiments.
3.2.1 Type II Persisters Isolated Using Growing Culture
Table 3: Results from isolating persisters from culture with different inoculation levels of
stationary phase E. coli O103 and P36. Results are presented as CFU/mL after exposure to
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200μg/mL ampicillin for a minimum of eight hours. Cultures were plated on M9L media, with
plates being incubated for 48 hours at 37°C. No statistical differences detected between the
means of the groups (p= 0.13) when examined by one-way ANOVA.
INOCULUM LOG CFU/ML

CFU/ ML

50.11 LOG10 P36

360a± 293

60.11 LOG10 P36

7452a ± 8796

70.11 LOG10 P36

3980a ± 7284

50.14 LOG10 O103

12125a ± 3460

60.14 LOG10 O103

475525a ± 664878

70.14 LOG10 O103

3025a ± 2756

3.2.2 Type II Persisters Isolated using Persister Culture
Table 4: Results from isolating persisters from OD600 0.2 culture with different inoculation
levels of persister E. coli O103 and P36 used for inoculation, presented as persisters/mL.
Cultures were plated on M9L media, with plates being incubated for 48 hours at 37°C. Data is
presented as mean with standard deviation. No statistical differences were detected between the
means of the group when examined by one-way ANOVA (p= 0.21).
PERSISTER INOCULUM

PERSISTERS / ML

1.2 0.42 LOG10 P36

12860a ± 11429

2.20.42 LOG10 P36

13565a ± 14872

1.1 0.9 LOG10 O103

13950a ± 5591
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2.1 0.9 LOG10 O103

36500a ± 35353

3.1  0.9 LOG10 O103

33100a ± 6069

The usage of both stationary phase cultures and persister cultures of P36 and O103
showed no statistical differences in the number of persisters recovered (Tables 3 and 4). This
suggests that there is no carryover effect of type I persisters from the inoculum on the final
number of persisters recovered following growth to the early-exponential phase.
3.3 Chemical Inducers of Persistence: Indole, Bile and Bile Derivatives
Table 5: Log10 loading values of the cultures used to examine the influence of different bile
derivatives, with the control grown in M9 media. 0.2% sodium deoxycholate tended to gel at
room temperature and at 37°C, making spectrophotometric readings difficult and unreliable. The
columns were analyzed discreetly using a one-way ANOVA with Tukey test, and statistically
different results indicated with different letters.
Treatment

P36
Exponential
log10 values

Control

8.06 ± 0.24a

500µm
Indole

P36
Stationary
log10
values
8.12 ±
0.29ac

O103
Exponential
log10 values

O103
Stationary
log10 values

O157
Exponential
log10 values

8.01 ± 0.14a

8.22 ±
0.31a

7.81 ± 0.53a

7.94 ±
0.12ab

8.18 ±
0.17ac

7.95 ± 0.05a

8.05 ±
0.17a

7.93 ± 0.24 a

8.21 ±
0.07a

0.2% Bovine
Bile Salts

8.22 ± 0.08a

7.52 ± 0.06

8.32 ± 0.06a

7.64 ±
0.26b

8.37 ± 0.06 a

7.55 ±
0.05b

0.2%
Taurocholate

8.06 ±
0.11ab

8.04 ±
0.38ac

8.08 ±
0.11ab

8.09 ±
0.25a

7.96 ± 0.06 a

8.05 ±
0.21a

bc

O157
Stationary
log10
values
8.23 ±
0.17a
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0.2% Sodium
Cholate

8.14 ± 0.22a

7.39 ± 0.20

0.2% Sodium
Deoxycholate

7.72 ± 0.17b

7.60 ±
0.19b

bc

8.05 ± 0.06a

7.17 ±
0.37b

8.05 ± 0.07 a

7.51 ±
0.27b

7.15 ± 0.47b

7.80 ±
0.04a

7.66 ± 0.12 a

7.80 ±
0.03b

As shown in table 5, the loading numbers were kept as consistent using an OD600 0.2
measurement. However, there were some statistical differences once these cultures were plated
on M9L media, specifically when examining sodium deoxycholate. It is worth noting that this
amendment tended to gel following incubation which could have contributed to this effect.
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Figure 15: Persister formation of E. coli P36 grown to the exponential phase in the indicated
concentration of chemicals. Cultures were grown to an OD600 0.2 at 37°C then exposed to
200μg/mL ampicillin for a minimum of eight hours prior to enumeration on M9L. Plates were
incubated at 37°C for 48 hours. No statistical differences were found between the two groups
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when examined by one-way ANOVA (p=0.17), ND indicated the samples produced counts
below the detectable limit.
No statistical differences in the number of persisters were detected when examining P36
in the exponential phase when grown with different bile derivatives, as shown in figure 15. It is
of note that P36 formed very few persisters, regardless of chemical exposure. This demonstrated
that tested bile products and indole had no influence on the persister state of E. coli P36 during
the exponential phase.
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Figure 16: Persister formation of E. coli O103 grown to the exponential phase in the indicated
concentration of chemicals. Cultures were grown to an OD600 of 0.2 at 37°C, then exposed to
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200μg/mL ampicillin for a minimum of eight hours prior to enumeration on M9L. The plates
were incubated at 37°C for 48 hours. Statistical differences were detected between groups (p=
0.0016) when examined via one-way ANOVA. * designates p < 0.05, ** designates p < 0.01.
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Figure 17: Persister formation of E. coli O157 grown to the exponential phase in the indicated
concentration of chemicals. Cultures were grown to an OD600 of 0.2 at 37°C then exposed to
200μg/mL ampicillin for a minimum of eight hours prior to enumeration on M9L. The plates
were incubated at 37°C for 48 hours. Statistical differences were detected between groups (p=
0.017) when examined by one-way ANOVA, as indicated above. * designates p < 0.05, ND
indicated the samples produced counts below the detectable limit
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Figure 18: Persister formation of E. coli P36 grown to the stationary phase at 37°C in the
indicated concentration of chemicals prior to recovery in a 2:1 dilution of fresh M9 media and
incubation at 37°C for two hours. The cultures were then exposed to 200μg/mL ampicillin for a
minimum of eight hours at 37°C prior to enumeration on M9L. The plates were incubated for 48
hours at 37°C. No statistical difference was detected between groups when examined by one-way
ANOVA (p= 0.34).
As during the exponential phase, the inclusion of indole and bile derivatives did not
produce any statistical differences in the number of persisters in P36 during the stationary phase,
as shown in figure 18.
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Figure 19: Persister formation of E. coli O103 grown to the stationary phase in the indicated
concentration of chemicals prior to recovery in a 2:1 dilution of fresh M9 media and incubation
at 37°C for two hours. The cultures were then exposed to 200μg/mL ampicillin addition for a
minimum of eight hours prior to enumeration on M9L. The plates were incubated for 48 hours at
37°C. No statistical difference was detected between groups when examined by one-way
ANOVA (p= 0.14).
E. coli O103 shows no statistical differences in persister production following growth in
media containing indole and bile derivatives to the stationary phase as shown in figure 19. This
demonstrates that in the stationary phase the inclusion of these chemicals does not influence the
number of persisters formed by E. coli O103.
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Figure 20: Persister formation of E. coli O157 grown to the stationary phase in indicated
concentration of chemicals prior to recovery in a 2:1 dilution of fresh M9 media and incubation
at 37°C for two hours. The cultures were then exposed to 200μg/mL ampicillin addition for a
minimum of eight hours prior to enumeration on M9L. The plates were incubated for 48 hours at
37°C. No statistical difference was detected between groups when examined by one-way
ANOVA (p= 0.08)
E. coli O157 shows no statistical differences in persister formation between treatments
when grown to the stationary phase in media amended with indole and bile derivatives as shown
in figure 20. This demonstrates that in the stationary phase the inclusion of these chemicals does
not influence the number of persisters formed by E. coli O157.
Taken together, these results suggest two things. One, that different serotypes are
influenced by different chemicals in the exponential phase - as demonstrated in figure 16 the
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inclusion of 500μM indole strongly influenced the number of persisters recovered in O103, but
not in O157 as demonstrated in figure 17. Secondly, that in the stationary phase the tested
serotypes are not influenced by the inclusion of indole or bile derivatives, as demonstrated in
figures 18-20. Yet, it should be noted that there was a high degree of variation between
experiments that made identifying statistical differences challenging.
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3.3 NA Resistant E. coli O103 Growth on Mung Beans
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Figure 21: Growth of nalidixic acid (NA) resistant E. coli O103 following introduction onto
100g of mung beans prior to sprouting. 10g of sample was taken and analyzed at day 0, 1, 3 and
5. Samples taken at day 0 and 1 were massaged by hand, whereas samples at day 3 and 5 had
become soft enough to allow for stomaching.
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3.3.1 Mung Bean Root Exudate Influence on Survival: P36
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Figure 22: Survival of E. coli P36 following a week in dialysis tubing incubated at 20°C, either
exposed to mung bean root exudates or no exposure. The cultures were recovered from the
dialysis tubing and diluted to the initial volume of introduced media prior to enumeration on
M9LK, or immediately treated with 200μg/mL ampicillin for a minimum of eight hours. Plates
were incubated at 37°C for 48 hours. No statistical differences were found between the groups
(p= 0.04) when examined by a two-tailed t-test. Data is presented as mean with standard
deviation, with individual data points plotted.
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Figure 23: Persisters formed by E. coli P36 following a week in dialysis tubing incubated at
20°C prior to recovery in fresh media to the mid exponential phase and treatment with 200μg/mL
ampicillin, either exposed to mung bean root exudates or no exposure. The cultures were
incubated at 37°C for a minimum of eight hours prior to enumeration on M9LK. The plates were
incubated for 48 hours at 37°C. Data is presented as mean with standard deviation, with
individual data points plotted. No statistical differences between the groups was detected (p =
0.13).
Mung beans used in a trial grew to an average length 2.37 ± 1.10cm (n=90), suggesting
stunted development of the plants. The results in figure 23 demonstrate that incubation with
mung bean root exudates does not impact the number of persisters recovered when using a
dialysis system. This could be due to the limitations of the dialysis system itself, where the
molecular weight cut-off was too low, or due to the stunted growth of the mung beans resulting
in a lowered level of seed exudate being produced. It is worth noting that the incubation did not
affect the growth of the cells, as indicated by the lack of statistical difference when harvested
from the dialysis tubing, as shown in figure 22. It is also worth noting that following direct
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inoculation, nalidixic acid resistant E. coli O103 did show growth as indicated in figure 21,
indicating that the lack of differences in the mung bean exudate exposed cultures and the control
cultures were not due to an incompatibility between the mung beans and the bacteria.
3.4 NA Resistant E. coli O103: Suitability for O103 Replacement
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Figure 24: Comparison of O103 and NA resistant O103 persister formation. Overnight cultures
of each bacteria were inoculated into fresh M9 before being grown to an OD600 0.2. Persisters
were isolated and plated as previously described, with both cultures being plated on M9L. The
plates were incubated at 37°C for 48 hours. No statistical differences (p= 0.45) were detected
between the two groups.
Overall, the levels of persister suggests that the generated NA resistant O103 is suitable
to use in these trials. The mutant creates levels of persisters not statistically different from the
wild type making it suitable to determine the influence of mung bean root exudates on O103
persister formation, as shown in figure 24. The mutant was generated to allow for selection of the
organism using NA following harvest, as with the earlier dialysis system contamination with
surface bacteria which was believed to be endemic to the mung beans was a consistent problem.
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3.4.3 Mung Bean Influence on Persistence: NA Resistant O103
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Figure 25: Recovered NA resistant E. coli O103 following a week in dialysis tubing stored at
20°C, either exposed to mung bean root exudates or no exposure. The cultures were either plated
immediately following removal from the dialysis tubing, or exposed to 200μg/mL ampicillin
immediately following removal from the dialysis tubing. The cultures were then incubated for a
minimum of eight hours prior to enumeration on M9LNA. Statistical differences were found
between the groups when examined by one-way ANOVA data is presented as mean with
standard deviation, with individual data points plotted. **** indicates p < 0.0001.
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Figure 26: Persisters of NA resistant E. coli O103 following a week in dialysis tubing stored at
20°C, either exposed to mung bean root exudates or no exposure. The cultures were recovered to
the mid-exponential phase by diluting the culture 2:1 in fresh media and incubating at 37°C
before being exposed to 200μg/mL ampicillin. The cultures were then incubated for a minimum
of eight hours prior to enumeration on M9LNA. No statistical differences were found between
the two groups (p= 0.92). Data is presented as mean with standard deviation, with individual data
points plotted.
Mung beans used in a trial grew to an average length 1.22 ± 0.6cm (n=90), suggesting
stunted development of the plants. The results demonstrate that incubation with mung bean root
exudates does not impact the number of persisters recovered (Figure 26), or as previously
suggested that the dialysis system is not an effective way to examine the influence of mung bean
root exudates. Additionally, the lack of differences could be attributed to the poor germination of
the mung beans which would in turn impact the amount of root exudates being produced.
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However, it is worth noting that the exudates did not affect growth of the cells, as shown by the
lack of statistical difference detected between the cells recovered directly from the dialysis
tubing (figure 25).
3.4.4 Microscopic Observation in Comparison to Plate Count Results: P36 Following Mung
Bean Exposure
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Figure 27: Comparison of plate counts to haemocytometric counts of E. coli p36 following one
week incubation with mung beans (treatment) or without mung beans (control) and treatment
with 200µG/mL ampicillin. Presented as log10 mean counts with standard deviation bars. No
statistical differences were detected between the plate counts and the microscopic counts.
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Figure 28: Comparison of plate counts to haemocytometic counts of E. coli P36 following one
week incubation with mung beans (treatment) or without mung beans (control) and treatment
with a recovery in fresh media to the mid-exponential phase prior to treatment with 200µg/mL
ampicillin. Presented as log10 mean counts with standard deviation bars. There was a statistical
difference when examined using a two-tailed t-test the plate counts when compared to the
haemocytometer counts of the same treatment (control p= 0.003, treatment p=0.016).
3.5 Influence of Chemical Concentration on Persister formation of O103
Table 6: Variables, growth rates and lag time derived from exposing early exponential cells to
the indicated concentration and monitoring the growth spectrophotometrically at OD600 every 30
minutes for 9.5 hours. The growth rates were determined by transforming the data using equation
1 and fitting it to the Gompertz equation (equation 2) to determine lag time and maximum
growth rate.
Chemical

Concentration

Control
Indole

1800µM

C

B

T

R2adj

RMSE

Lag time
(hours)

0.70

0.47

2.74

0.99

0.02

1.29

Maximum
Growth
Rate
0.12

0.70

0.27

4.57

1.0

0.01

0.89

0.07
55

1000µM
500 µM

0.67
0.67

0.37
0.44

3.48
2.91

1.0
1.0

0.01
0.01

1.29
1.28

0.09
0.11

Taurocholate

10%
8%
6%
4%
2%
1%
0.2%

0.69
0.86
0.98
0.98
0.92
0.86
0.76

0.23
0.29
0.32
0.37
0.37
0.40
0.47

5.73
4.37
0.38
3.30
3.01
2.61
2.43

1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.01
0.02
0.01
0.02
0.02
0.02
0.01

1.31
1.28
0.12
1.22
1.11
1.04
1.14

0.06
0.09
0.12
0.13
0.13
0.13
0.13

Sodium
Cholate

6%

0.29

0.52

6.57

1.0

0.003

3.42

0.06

4%
2%
1%
0.2%

0.66
0.76
0.77
0.69

0.32
0.42
0.44
0.51

4.86
3.01
2.40
2.18

1.0
1.0
1.0
1.0

0.01
0.01
0.02
0.02

1.56
1.26
1.06
1.11

0.08
0.12
0.12
0.13

RMSE: standard error

R2 adj: Correlation Coefficient

Indole has been shown to induce persistence in O103 during the exponential phase and
sodium cholate was shown to prevent the formation of persisters during exponential growth in E.
coli O103 (Figure 16). Different concentrations of bile derivatives and indole result in a
difference in lag time and growth rate in E. coli O103 (Table 5). Given that 1,800uM indole
shortens lag time and 6% sodium cholate extends lag time as shown in table 6, these chemicals
were utilized to examine their influence on persister formation.
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Figure 29: Persisters formed resulting from the inclusion of indole (1,800uM and 500uM) and
sodium cholate (6% and 0.2%) E. coli O103. Results were statistically significant (p= 0.0001) as
indicated in the figure **** indicates p < 0.0001.
The inclusion of 1,800uM of indole results in a significant increase in the number of
persisters produced (Figure 29). The significant increase in persisters formed by indole suggests
that a shortened lag time or lowered growth rate could affect persister formation (table 6) this
concentration of indole shortened the lag time and lowering the growth rate. However, it is
difficult to separate out the effect of the chemical itself versus the effect of lag time and growth
rate, and further investigation is needed.
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3.6 Influence of Reduced Redox Potential on Persister Formation: L-Cysteine
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Figure 30: The redox potential of L-cysteine, ascorbic acid and sodium thiosulfate pentahydrate
diluted in TSB.
L-cysteine has the lowest redox potential when compared to L-ascorbic acid and sodium
thiosulfate pentahydrate (Figure 30). By using media supplemented with 1% cysteine would be
sufficient to reduce the redox potential to -200 mV to explore the effect of anaerobic growth of
E. coli O103 persister formation.
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Figure 31: Filter paper soaked in a mixture of 1% L-cystenine and 200μg/mL, 400μg/mL and
600μg/mL ampicillin before being introduced onto a fresh plate of stationary phase E. coli O103.
Controls were run with filter paper soaked in ampicillin without L-cysteine, as well as filter
paper soaked in MilliQ water (negative control). The plates were incubated at 37°C for 24 hours
and examined for a zone of clearing.
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Figure 32: E. coli O103 recovered in either TSB or TSB supplemented with 1% cysteine to
imitate anaerobic conditions. All treatments except the reduced redox media were grown in a
500mL volumetric flask with 100mL of media contained. The reduced redox media was
contained in a tightly sealed jar. The cultures were grown to a OD600 of 0.2 at 37°C before the
cultures were centrifuged down at 4,500rpm for 20 minutes. The supernatant was removed, and
the pellet resuspended in TSB. The resulting culture was immediately exposed to 200μg/mL of
ampicillin for a minimum of 8 hours. The cultures were then serially diluted and plated on M9L.
Plates were incubated at 37°C for 48 hours. No statistical differences were detected between the
groups when examined by one-way ANOVA (p= 0.14).
Given that no statistical differences were detected in persister formation between the
reduced redox potential treatment and aerobic treatments as shown in figure 32, this makes the
case that type II persisters in E. coli O103 are not influenced by a reduced redox potential
imposed by L-cysteine. It is worth noting that ampicillin was inactivated by L-cysteine, even
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when increasing the concentration used to 600μg/mL as demonstrated in figure 31. To mitigate
this effect, cultures were centrifuged down at 4,500rpm for 20 minutes and resuspended in fresh
TSB before being exposed to ampicillin.
4 Discussion
To examine the carryover effect of persisters from an inoculating culture, proposed by
Bigger in 1944, stationary phase cultures were used to inoculate fresh media which were then
grown to the exponential phase. The resulting early exponential phase culture was dosed with
ampicillin to allow for the isolation of type II persister cells. If the carryover effect that Bigger
observed in 1944 was valid, different levels of persisters would have been observed which would
correspond to the initial inoculum levels used (Bigger, 1944). This carryover effect was not
found in these works, with no statistical differences were detected when different cells numbers
of stationary phase cultures were used to grow an exponential phase culture. This lack of
statistical significance can be attributed to the high level of variation between replicates, which
makes statistical analysis difficult. This level of variation associated with culturing persisters has
been previously noted in literature (Barth et al., 2013). These results suggest that the carryover
effect of persisters from the stationary phase (type I) did not have an impact on the number of
persisters formed in the exponential phase (type II). Additionally, this demonstrates that Shiga
toxin-producing E. coli does produce persisters, although the number produced is not consistent.
However, given that persisters exist in low levels within cultures, it was plausible that the
increased level of inoculum did not correspond to a statistically significant increase in the
number of persisters carried over. To mitigate this, persisters were isolated and used as an
inoculation culture, which was then grown to the early exponential phase before being exposed
to ampicillin to isolate for persisters and enumerated. No statistical differences were detected
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between the groups. As before, this can be attributed to the large variation between replicates
which has previously been observed in the culturing of persisters (Barth et al., 2013).
Although it is difficult to draw conclusions from these experiments given the lack of
statistical differences, it is interesting to note that utilizing 6log stationary phase bacteria or 2log
persister culture inoculation caused an increase in the number of persisters formed in E. coli
O103. Both these inoculation levels were the middle level used, suggesting that the bacteria
formed more persisters resulting from both an extended growth time (as a higher inoculum
would have a shortened growth period to reach OD600 0.2) and a higher inoculum (as a lower
inoculation was also tested which resulted in a lower number of persisters). It is also of interest
that this trend was not observed in the non-pathogenic control strain, E. coli P36.
The literature surrounding exogenous influencers on persisters is lacking, with many
models utilizing either environmental factors such as a reduced redox potential, or examining the
effects of increasing or decreasing protein expression (Dörr et al., 2010; Keren, Kaldalu, et al.,
2004; Etienne Maisonneuve & Gerdes, 2014; Vazquez-Laslop et al., 2006). Only one study
focused on the effect of exogenous effectors, in which the effect of inoculating growth media
with indole was examined (Vega et al., 2012). It was found that including 500μM of indole
increased persistence during the exponential phase in both wild-type and a generated mutant
strain which was unable to catabolize tryptophan into indole (ΔtnaA). Interestingly, none of these
studies have used pathogenic strains of E. coli, which raised questions about whether the
previously observed effects would still be observed in Shiga toxin-producing E. coli.
Additionally, given that current agricultural practises involve organic amendments such as
manure for the growth of food products, this raises questions about whether the bile and bile
derivatives found in these soils would influence the persister state of Shiga toxin-producing E.
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coli (Tyagi et al., 2009). It is worth noting that these same bile and bile derivatives could be
encountered in either ruminant hosts (in the case of bovine bile), in the liver (taurocholate), in
healthy gut systems (sodium cholate) or diseased gut systems (deoxycholate).
Regarding chemical inducers of persistence, it was found that indole strongly influenced
the formation of persisters in O103 during the exponential phase, but did not influence the
persister state of O157 or P36. This highlights the differences between serotypes in regard to
type II persister formation, in addition to making a case for indole as a modulator for persister
formation which is in agreement with previous literature (Vega et al., 2012). Additionally, in E.
coli O157 it was found that there was a statistical difference between the inclusion of sodium
cholate, a bile derivative found in healthy gut systems, and controls grown in M9 media, with the
sodium cholate samples being below the detectable limit (30 cells). This suggests that when E.
coli O157 encounters a healthy gut system, persisters are not formed.
No differences were detected in any tested serotype during the stationary phase following
growth in indole or bile derivatives to the stationary phase. This suggests that persisters are
influenced by exogenous factors during exponential growth as opposed to once stationary phase
has been reached. However, it is worth noting that the standard deviations were large, which
would impact the ability to detect differences in the data.
Given that plants produce indole for a variety of different effects such as pest avoidance
and signalling with the rhizosphere, this suggests that these plants could have an influence on the
persister state of Shiga toxin-producing E. coli (Ghosh & Basu, 2006). To test this, sprouting
mung beans were utilized and early exponential phase cultures of E. coli P36 or nalidixic acid E.
coli O103 introduced into either dialysis tubing or a slide-a-lyzer cassette. Nalidixic acid
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resistant E. coli O103 was utilized due to the observed contamination following the P36 trials,
necessitating the usage of kanamycin as a selective agent. It is hypothesized that this
contamination came from bacteria endemic on the surface of the mung beans. In this study, it
was confirmed that the nalidixic acid resistant E. coli O103 produced persisters at the same level
as the wild-type strain. The dialysis tubing or slide-a-lyzer was buried in the sprouting mung
beans and incubated for a week with regular rinsing. It was found that following a week of
incubation, the number of recoverable cells and those that were susceptible to ampicillin were
not statistically different between the controls and the cultures exposed to mung bean root
exudates. No statistical differences were detected between the number of persisters formed when
exposed to mung bean root exudates when compared to the controls.
This suggests two things; one, that the dialysis tubing is an ineffective way to examine
the influence of mung bean root exudates on the formation of persisters, or that the mung bean
root exudates do not affect on the number of persisters formed. Given the limited growth that the
mung bean showed after a week of incubation at 15°C (average of 2.4 cm for P36, and 1.2cm for
O103), it is likely that the mung beans did not grow enough to adequately test either theory, and
the influence should be considered inconclusive. It was demonstrated in that nalidixic acid
resistant E. coli O103 is capable of growth on mung beans, but this growth was not reflected in
the dialysis model. This means that it was not a fundamental incompatibility between the plant
and the microbes, and instead the lack of influence of the mung bean sprouts may be due to the
limitation of the dialysis system or the stunted growth of the mung beans.
The challenge of recovering persisters via culturing methods was highlighted by the
statistical differences between plate counts and direct haemocytometer counts, although it is
worth nothing that the cultures coming from the dialysis tubing and those treated with ampicillin
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immediately did not show this same discrepancy. This discrepancy can be explained by the
presence of VBNC cells, which were unable to be recovered under the applied conditions.
VBNC cells both stain green when using BacLight (Morishige, Fujimori, & Amano, 2015; Pinto,
Almeida, Almeida Santos, & Chambel, 2011). It is possible that a 48 hour incubation on M9L
was insufficient to resuscitate all of the induced persisters. However, the difference between
what is able to be recovered on media and what the total number of cells detected by direct
microscopic counting is how VBNC numbers are determined (M Ayrapetyan, Williams, Baxter,
& Oliver, 2015). It has also been demonstrated that VBNC cells are present during exponential
growth, as researchers exposed log-phase cells to antibiotics and both stained the cells using a
Live/Dead stain as well as plating the cells (M Ayrapetyan et al., 2015). However, the
differences between plate counts and hemocytometric counts result could also be due to
insufficient incubation time resulting in incomplete recovery of persisters. This highlights the
difficulty in determining which cells are in the VBNC state and which are in the persister cells,
however it is important that VBNC cells require a recovery step in order to become growing cells
again (Pinto et al., 2011; Zhao et al., 2017).
The influence of chemical concentration was also examined by utilizing a high
concentration of indole and high concentrations of sodium cholate. A consequence of these
increased concentrations was effects on the the growth rate and lag time. It was found that
utilizing a high concentration of indole resulted in a statistically significant increase in the
number of persisters recovered in E. coli O103. If the increase in persisters was by direct
regulation by indole or indirect through modulation of lag phase remains unclear. In literature, it
has been shown that an extended lag time correlates closely with increased antibiotic tolerance
due to the decreased growth rates (Fridman, Goldberg, Ronin, Shoresh, & Balaban, 2014).
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However, it should be noted that genetic changes were detected by Fridman et al., (2014) in
which they identified a number of genes termed tolerance by lag (tbl) genes which correlated
with increased persistence.
Finally, the influence of reduced redox potential on exponential phase culture was examined,
building on previous work done examining the effect of reducing redox potential on early
stationary and late stationary cultures (Orman & Brynildsen, 2015). Orman and Brynildsen
(2015) found that exposing early stationary phase cultures to a reduced redox potential using
paraquat lead to an increase in the number of persisters compared to those without a reduced
redox potential (Orman & Brynildsen, 2015). Inoculating TSB media with 1% L-cysteine
inactivated the ampicillin used (Figure 30). This effect of L-cysteine on inhibiting antibiotics has
been previously observed in Clostridium difficile, where researchers noted the inclusion of Lcysteine in media caused a marked increase in the minimum inhibitory concentration while
testing antibiotics (Markowitz & Williams, 1985). The minimum inhibitory concentrations
returned to normal levels when L-cysteine was removed from the media (Markowitz & Williams,
1985). Increasing concentrations of ampicillin were tested to see if the inhibitory effect of Lcysteine could be offset, but even at a concentration of 600μg/mL L-cysteine sequestered the
ampicillin. In order to examine the effects of reduced redox potential cells were grown to the
early exponential phase under a reduced redox potential, harvested then transferred to fresh TSB
containing ampicillin. In this case there was no significant increase in persisters compared to E.
coli O103 cultured under a positive redox potential. The result would suggest that redox potential
does not influence the induction of E. coli O103 into the persister state. The result is in
contradiction to that reported by Orman and Brynildsen (2015) who provided evidence that a
negative redox potential promotes persister formation. However, it should be noted that in the
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aforementioned study the initial culture period for E. coli was under aerobic conditions until an
early stationary phase was reached before being transferred to reduced redox potential (Orman &
Brynildsen, 2015). Additionally, the cells were treated with ampicillin or ofloxacin for five hours
(Orman & Brynildsen, 2015). Therefore, given that it has been demonstrated that persisters are
induced in the early exponential phase it is likely that Orman and Brynildsen (2015) were
observing tolerant cells as opposed to persisters.
4.1 Conclusions and Recommendations
This work suggests that the observed carryover effect observed by Bigger does not apply
to Shiga toxin-producing E. coli. This suggests that the formation of the persister state is dictated
by factors beyond the initial inoculum used. Secondly, it suggests that the persister state of Shiga
toxin-producing E. coli can be influenced by exogenous factors such as indole and bile
derivatives. However, the extent of that influence is dependant on dosage of the exogenous
factor, what phase of the growth cycle is being examined, and the serotype of E. coli in question.
Previous work suggests that E. coli uses indole as an intercellular signalling molecule,
suggesting that the bacteria may be able to signal to induce a persister state (J. H. Lee & Lee,
2010). Additional work has demonstrated that plants will exude indole for a variety of purposes,
raising questions about plant influence on the persister state (Ghosh & Basu, 2006).
The influence of mung bean root exudates remains elusive, as the stunted plant growth
coupled with the molecular weight limitations of the dialysis system make it difficult to support
any conclusions. The influence of chemically induced lag time induced by increased
concentrations of indole suggests that a shortened lag period may result in an increased number
of persisters, although additional works need to be done to determine this. Finally, a reduced
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redox potential does not have an influence on persister formation in the exponential phase (type
II), although previous works have shown that a reduced redox potential does impact the
stationary phase (or type I) persistence of E. coli (Orman & Brynildsen, 2015). This
demonstrates the importance of not only the influencer being examined, but the growth phase of
the bacteria and in turn the type of persister.
Taken together, this demonstrates that the dormant persister state of E. coli can be
influenced by exogenous factors such as indole, which is both produced by bacteria and plants,
and bile derivatives which can be found in manure amended soil systems as well as the host
gastrointestinal tract.
Given that it has been shown that Shiga toxin-producing E. coli produces persister cells, a
risk analysis must be preformed in relevant industries to assess industries role in combatting this.
Given the low infectious dose (<100 cells) of Shiga toxin-producing E. coli, even a low number
of persisters could compromise food safety.
4.2 Future Works
Although it has been shown that E. coli is capable of using indole as an intercellular
molecule, it is unclear if it is capable of producing indole to the levels needed to induce
persistence (J. H. Lee & Lee, 2010).
Future works should include further investigating into the influence of mung beans on the
formation of persisters. This could be done in a variety of ways; firstly, raising the germination
temperature above 15°C could help the mung beans germinate to a more successful degree,
allowing for examination with dialysis tubing. Alternatively, a direct inoculation onto sprouting
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mung beans could help to test this more directly. A direct inoculation would require a
resuscitation step, as was used here to examine persisters induced by bile and bile derivatives in
the stationary phase. It is worth noting that other plants should also be explored, and that lettuce
is becoming a consistent vehicle for Shiga toxin-producing E. coli.
Regarding lag time, the usage of different chemicals makes it difficult to draw any
definitive conclusions regarding whether persisters are influenced by lag time. To this end,
subjecting the E. coli to suboptimal conditions such as a lower temperature to extend lag time
should be pursued. Alternatively, using a fed batch system in which nutrients could be added at a
steady rate to modulate lag time could also be utilized.
When examining the effect of reduced redox potential on persister formation, it may help
to examine the ldhA gene transcription levels to try and unify the idea that anaerobic metabolism
can induce persistence in Shiga toxin-producing E. coli.
Finally, industry should preform a risk analysis on persisters. Given that persisters have a
low infectious dose (<100 cells), it is pertinent to examine the risk persisters pose to ensure food
safety is not compromised. To adequately asses this, it first must be determined whether persister
cells retain virulence once coming out of the persister state.
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