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Abstract

The influence of the viable but non-culturable (VBNC) state on specific
phenotypic traits of Escherichia coli O157:H7 as well as its transport behaviour in
porous media was examined in this study. E.coli O157:H7 is a human pathogen
capable of entering a VBNC state following exposure to sublethal stress. In the
VBNC state, E.coli O157:H7 is not detectable by culture assays; yet, is able to
retain its ability to cause human illness. This study examined specific transport-
related properties of culturable and VBNC E.coli O157:H7 cells. As well,
transport behaviors of the two cellular states were compared using sand-packed
columns under steady-state flow. When E.coli O157:H7 cells entered a VBNC
state, significant decreases in the hydrophobicity and lengths/widths of the cells,
and a significant increase in extracellular polymeric substances on the cell
surfaces were measured. Transport experiments indicated significantly (p<0.05)
greater mass transport of VBNC cells through unwashed sand compared to
culturable cells. This research contributes to the current knowledge describing
VBNC E.coli O157:H7 cells, raises questions concerning the accuracy of culture-
based E.coli O157:H7 identification protocols, and suggests that bacteria transport

in the subsurface is a truly dynamic process.
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1. General Introduction

In recent years, safe and secure drinking water has come to the forefront as
an issue of concern for public health in Canada. In May 2000, a waterborne
disease outbreak occurred in Walkerton, Ontario, Canada, as a result of land
application of manure contaminated with pathogenic bacteria (e.g. Escherichia
coli O157:H7). The bacteria were able to contaminate one of the town’s
groundwater drinking wells. This outbreak was responsible for the deaths of
seven people and caused an additional 2300 to become severely ill (O’Connor,
2002). This caught the attention of people across Canada and forced the nation to
question the safety of their drinking water; water which everybody assumed to be
healthy and safe. This tragic event reiterated the risk that pathogenic organisms
pose against human health if they are allowed to contaminate drinking water
sources.

It has been estimated by Statistics Canada that 30% of the Canadian
population, mainly those living in rural areas, relies on groundwater for domestic
use. In Alberta, this number is closer to 23% (Statistics Canada, 1996b). Along
with domestic use, groundwater is used for a wide variety of industrial and
commercial activities, including oilfield injection practices and oil sands
operations (Alberta Environment, 2010). Groundwater can also contribute
significant discharge to surface water bodies, such as rivers and wetlands, thus
supporting aquatic ecosystems (Alberta Environment, 2009). Consequently,
groundwater is considered a valuable resource, one which requires appropriate

protection. This is especially true when one considers that the land application of



potential pathogen-bearing animal and human wastes is widely-used, particularly
in rural settings, as an economical waste disposal option.

To put these potential risks into perspective, in 2006, it was estimated that
Canadian livestock produced approximately 500,000 tonnes of manure daily,
which translates to over 180 million tonnes annually (Statistics Canada, 2008).
Moreover, in a study on waterborne disease outbreaks in the United States from
1986 to 1998, it was found that for all those instances where the causative agent
could be identified, the microbes generally originated from farm animal sources
(Centres for Disease Control and Prevention, 1998). In addition to animal waste
pollution, in the United States, decentralized waste water treatment systems
release approximately 15 billion litres of treated human effluent every day from
26 million homes, businesses, and recreation facilities (United States Census
Bureau, 1999; Gerba and Smith, 2005). In Canada, it has been estimated that
15% of households, mainly in rural areas, utilize septic tank systems (Statistics
Canada, 1996a), which may be vulnerable to leaking and can result in indirect
contamination of groundwater resources.

1.1.  Microbes in water and soil

It has been known for more than a century that the land application of
animal and human feces and untreated wastes can lead to infiltration of pathogens
to soil and groundwater systems (Gerba and Smith, 2005). To address this threat,
various management practices have been developed concerning the land-
application of potential pathogen-bearing wastes in the hope of protecting soil and

groundwater resources (Agriculture and Agri-Food Canada, 2000). However,



despite these beneficial management practices (BMPs), percolation of microbes
through the soil profile and into groundwater resources still occurs. Conboy and
Goss (1999) studied 300 drinking water wells in southern Ontario and found that
48% of the wells were considered unsafe as drinking water supply as they
exceeded the Ontario Drinking Water Objectives (Ontario Ministry of the
Environment, 1999) for either total coliform bacteria (<1 colonies/100mL in
consecutive samples) or fecal coliform bacteria (zero detectable bacteria/100mL).
The authors conclude by stating that a significant proportion of the bacteria
present in the wells were of fecal origin with its likely source being animal
manure. The probable reason for the contamination of soil and groundwater
sources is that >40% of the manure produced annually in Canada is on farms
where the farm operators were unfamiliar with BMPs for manure in their region.
These manure BMPs are designed to prevent manure runoff, protect groundwater
and surface water, and minimize manure nutrient losses and odour emissions into
the environment (Statistics Canada, 2004).

Numerous pathogens have been implicated in causing waterborne disease
outbreaks as a result of their ability to leach from agricultural and domestic waste
sources, run-off overland, or infiltrate the subsurface and subsequently
contaminate surface and groundwater. Examples of pathogens that have caused
documented waterborne disease outbreaks include Campylobacter spp.,
Salmonella spp., Listeria monocytogenes, E.coli O157:H7, Cryptosporidium

parvum, and Giardia lamblia (e.g. Gerba and Smith, 2005).



Time and costs required often prevent the detection of individual
pathogens; consequently, indicator organisms of enteric origin are often used to
determine the presence and fate of other pathogenic enteric organisms (e.g. Crane
etal., 1981). Fecal coliforms, a group of Gram-negative, non-spore forming,
facultatively anaerobic bacilli bacteria that are passed through the fecal excrement
of humans, livestock and wildlife, are the most commonly used indicator
organisms. Statistics Canada (1996a) has determined that Canadian livestock
produce approximately 1.3 x 10*® colonies of fecal coliform bacteria, including
Escherichia coli (E.coli) species, daily in their manure. E.coli is the most
common fecal coliform and although most strains are non-pathogenic, some
strains (e.g. E. coli O157:H7) pose a serious health risk to humans (Jamieson et
al., 2002) as seen in the Walkerton incident. Therefore, the presence of fecal
indicator organisms in an environmental sample indicates the prospect of fecal
contamination and the possible presence of pathogenic fecal bacteria.

1.2.  Escherichia coli O157:H7

Escherichia coli O157:H7 was first recognized as a pathogen in 1982
following two outbreaks of a then unknown gastrointestinal illness that affected at
least 47 people in Oregon and Michigan, USA (Riley et al., 1983).

This bacterium is a Gram-negative facultative anaerobe, capable of
adhering within the intestinal tract of humans following ingestion (Griffin and
Tauxe, 1991). Infection with this organism can result in abdominal cramping,

bloody or non-bloody diarrhea, as well as the more serious hemolytic uremic



syndrome, which can cause acute kidney failure in the immuno-compromised
such as the elderly and infant children (Boyce et al., 1995).

The pathology of E.coli O157:H7 is a result of the production of Shiga-
like toxins (O’Brien and Holmes, 1987) which ultimately prevent protein
synthesis in cells expressing the appropriate receptor for the toxins, leading to cell
death (Rabinowitz and Donnenberg, 1996). It is reported that an estimated 73500
ilinesses are caused by E.coli O157:H7 infection annually in the United States
resulting in approximately 2000 hospitalizations and 61 deaths (Mead et al.,
1999). Along with the Walkerton incident, numerous other reports have
implicated E.coli O157:H7 as being the causative agent of outbreaks, which
resulted from fecal contamination of a drinking water source (Swerdlow et al.,
1992; Licence et al., 2001; Olsen et al., 2002). In a particularly devastating
incident, Bopp et al. (2003) describes the largest outbreak of diarrhea associated
with waterborne E. coli O157:H7 ever reported in the United States. This incident
in August 1999 in upstate New York, affected 775 people, including two deaths,
and was caused by the contamination of a drinking water well either from a septic
system or a manure storage site.

Considering studies have shown that a significant proportion of livestock
herds in Canada and the USA contain individuals which are actively shedding
E.coli O157:H7 in their feces (e.g. Faith et al., 1996; Chapman et al., 1997; Shere
et al., 1998; Laegreid et al., 1999; Van Donkersgoed et al., 1999; Galland et al.,
2001; Dodd et al., 2003; Vidovic and Korber, 2006), it should be expected that

water resources are at risk of becoming contaminated, especially in rural areas.



As a result, it is imperative that protocols be established so that appropriate
detection methods can be employed to seek out sources of contamination
accurately and efficiently. This will help ensure preventative measures can be
taken to avert future outbreaks.

1.2.1. Viable but non-culturable Escherichia coli O157:H7

Detection of E.coli O157:H7 in the environment may not always be as
simple as a straight-forward culture test on standard media, as is routinely done
for fecal indicator organisms (e.g. Raj et al., 1961; Hanninen et al., 2003; Bower
et al., 2005; Sinclair et al., 2009). Recent microbiological studies have
demonstrated that E.coli O157:H7 may become non-culturable, but remain viable,
when exposed to sublethal stresses (e.g. Liu et al., 2008). This includes changes
in temperatures, elevated or reduced osmotic concentrations, nutrient starvation,
levels of oxygen (Oliver, 1993) and/or exposure to chloramines in tap water (Liu
et al., 2008). Bacteria in the viable but non-culturable (VBNC) state fail to grow
on the routine bacteriological media on which they would normally develop into
colonies, but are still alive (Oliver, 2000). However, despite their typically low
levels of metabolic activity, they may again become culturable upon resuscitation
as their environment becomes more favorable (Oliver, 2009).

The VBNC state is considered to be a survival strategy adopted by
bacteria in order to endure imposed stress’ (Oliver, 1993). This behavior can
increase the likelihood of false negative results for culture-based risk assessment
tests (Liu et al., 2008). This is significant considering the most widely used and

economical indicator organism enumeration techniques identify only culturable



bacterial cells. Thus, it is possible that these techniques are underestimating
actual bacterial populations considerably (Jamieson et al., 2002), which, in the
case of human pathogens such as E.coli O157:H7, has important implications for
public health.
1.3.  Escherichia coli O157:H7 transport in porous media

Pathogen fate and transport in porous media is a complex issue as it is
influenced by the properties of the soil system, the suspending solution, and the
bacterial cells. The distribution of, and interactions with, soil particles will
greatly determine the fate and transport of bacterial cells through porous media.
Two processes which have been shown to greatly limit bacteria transport
(Jamieson et al., 2002) are the ability of soil particles to strain or filter cells
(Scholl et al., 1990; Bradford et al., 2006; Tallon et al., 2007) and the capacity for
cells to attach to soil particles via electrostatic interactions (Pringle and Fletcher,
1983; Gannon et al., 1991b; Jacobs et al., 2007). These processes depend greatly
on the physical and morphological characteristics of the soil system, including
texture, structure, and porosity (Abu-Ashour et al., 1992), to name a few, as well
as the bacterial cells themselves. Cell characteristics such as length and width
(Bradford et al., 2002; Bradford et al., 2006; Gannon et al., 1991a), surface charge
(Bolster et al., 2006; Jacobs et al., 2007), hydrophobicity (Williams and Fletcher,
1996; DeFlaun et al., 1999), and cell-surface coating (Rijnaarts et al., 1996;
DeFlaun et al., 1990; Williams and Fletcher, 1996; Simoni et al., 1998) have all
been shown to influence bacterial filtration, attachment, and overall transport in

soil systems. Therefore, knowledge regarding the phenotypic and morphological



attributes of bacterial cells is of importance if one hopes to understand their
unique transport characteristics in soil.

In previous studies, bacterial cells entering the VBNC state have been
shown to undergo morphological changes and phenotypic alterations. For
instance, Oda et al. (2004) noted E.coli O157:H7 cells miniaturize and transition
from a rod shape into a coccoid-shape; Signoretto et al. (2000) found that
Enterococcus faecalis VBNC cells were twice as resistant to mechanical
disruption as exponentially growing, stationary, or UV-Kkilled cells; and Lleo et al.
(2007) showed that some species of VBNC enterococci exhibit decreased
adhesion-ability compared to actively growing cells and were incapable of
forming complete biofilms. The latter study attributed these differences to
reduced metabolism and altered surface characteristics resultant from the VBNC
state transition.

1.4.  Objectives

Thus far, numerous studies have been published detailing the transport of
culturable E.coli O157:H7 through various porous media under both laboratory
(e.g. Gagliardi and Karns, 2000; Artz et al., 2005; Bradford et al., 2006; Semenov
et al., 2009) and field conditions (e.g. Fenlon et al., 2000; Ogden et al., 2001,
Vinten et al., 2002). However, to date, there has been no examination of the
transport of viable but non-culturable (VBNC) E.coli O157:H7 cells in soil
systems. It is hypothesized that upon transition into a VBNC state, E.coli
0157:H7 cell morphological and phenotypic characteristics are altered to such an

extent that their transport properties in soil and groundwater will differ



considerably from culturable cells. Understanding and quantifying phenotypic
and transport properties of VBNC cells, however, is hampered by the lack of
methodology to produce consistent large batch suspensions of VBNC cells for use
in standardized assays. Motivated by these queries, the objectives of this thesis
are to:
e Develop a method to induce large quantities of E.coli O157:H7 cells into a
VBNC state with high efficiency and viability in a relatively short time period
e Determine whether significant changes to important transport-influencing cell
properties including the length/width, hydrophobicity, and extracellular
polymeric substance composition of E.coli 0157:H7 cells occur when induced
into a VBNC state
e Determine if differences exist in transport parameters of VBNC and culturable
E.coli O157:H7 cells under simulated groundwater flow conditions using
column transport assays
This research will advance the current knowledge base describing E.coli
0157:H7 phenotypic properties. It will also determine whether culturable fecal
indicator organisms and, most notably culturable E.coli O157:H7 cells, are
appropriate for gauging the transport of VBNC E.coli O157:H7 cells in soil and
groundwater systems. Overall, this thesis will contribute to the development of
better water quality indicators and assessments of risk for contamination of water
resources.
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2. Induction of culturable E.coli O157:H7 cells into a viable but non-
culturable (VBNC) state and analysis of culturable and VBNC E.coli
0O157:H7 cell properties

2.1. Introduction
Escherichia coli O157:H7 is a Gram-negative facultative anaerobe capable

of causing disease in humans at an infective dose of less than 100 cells (Yousef and

Carlstrom, 2003). Through the production of Shiga-like toxins, invading E.coli

0157:H7 is able to disrupt and ultimately prevent protein synthesis in cells

expressing the appropriate receptor for the toxins, leading to cell death. Human
infections from E.coli O157:H7 may manifest as mild to severe bloody diarrhea,
fever, vomiting, and in rare cases, hemolytic uremic syndrome (Rabinowitz and

Donnenberg, 1996) which has substantial effects on the kidneys. The occurrence of

hemolytic uremic syndrome is particularly problematic for the

immunocompromised, including young children and the elderly (Rigsbee et al.,

1997).

E.coli O157:H7 was first recognized as a pathogen in 1982 following a
multi-state outbreak in the United States as a result of patrons consuming
inadequately cooked beef patties at a restaurant chain (Riley et al., 1983). Along
with ground beef, implicated in the transmission of Escherichia coli O157:H7 are,
but not limited to, a variety of foods (Griffin and Tauxe, 1991) including dairy,
produce, and meat products, person-to-person contact, animal contact (Rangel et al.,
2005), as well as waterborne infections due to the land application of animal and

human wastes (Jackson et al., 1998; O’Connor, 2002; Hrudey et al., 2003). Itis
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reported that an estimated 73500 illnesses are caused by E.coli O157:H7 infection
annually in the United States resulting in over 2000 hospitalizations and 61 deaths
(Mead et al., 1999).

The fate of E.coli O157:H7 in the environment has significant
implications for public health. Detection of E.coli O157:H7 in environmental
samples, however, may not always be as simple as a straight-forward culture test
on standard media as has been relied upon in numerous past studies including
Mechie et al. (1997), Jackson et al. (1998), Vinten et al. (2002), and Johnson et al.
(2003), to name a few. Recent microbiological studies have demonstrated that
many species of bacteria, including E.coli O157:H7, may become viable but non-
culturable (VBNC) when exposed to sublethal stresses (Oliver, 2005) such as
elevated or reduced temperatures, elevated or reduced osmotic concentrations,
nutrient starvation, levels of oxygen (Oliver, 1993) or exposure to chloramines in
tap water (Liu, 2008). These stresses may cause the cells to enter a state that is
still metabolically, but not reproductively active; that is, they do not undergo
cellular division on conventional media and, therefore, will not produce colonies
(Rigsbee et al., 1997). This behavior increases the likelihood of false negative
tests which has important implications for public health since the cells retain the
ability to produce toxins while in the VBNC state (Liu et al., 2009).

Justifiably, the necessity to study the VBNC state of bacterial species is
one of importance and intrigue and is littered with hurdles including the
requirement to produce consistent stock cultures of cells in the VBNC state.

Methods currently used to induce cells into the VBNC state include decreased
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incubation temperatures (Gupte et al., 2003; Oliver and Day, 2004), starvation
(Muela et al., 2008), exposure to hydrogen peroxide (Asakura et al., 2007), and
exposure to chloramines (Liu et al., 2008), among others. Research to understand
the changes that occur within and on the surfaces of bacterial cells as they
transition from a culturable to a viable but non-culturable state is also an ongoing
task. Previous work, for instance, has shown that culturable, rod-shaped gram-
negative cells undergo a dramatic reduction in size and transition to a coccus-form
when in the VBNC state (Catenrich and Makin, 1991; Jiang and Chai, 1996;
Signoretto et al., 2002). It has also been shown that the transition from the
exponential growth phase of E. coli KN126 to the VBNC state is accompanied by
concomitant modification of the peptidoglycan, which becomes more cross-linked
and richer in covalently bound lipoprotein, as well as undergoing a marked
reduction in glycan strand length (Signoretto et al., 2002). The growth of
polymer-like extensions, speculated to be of an exopolysaccharide nature, on the
surfaces of Vibrio parahaemalyticus cells in the VBNC state has also been noted
(Jiang and Chai, 1996).

The potential for E.coli O157:H7 cells to alter specific phenotypic and
morphological characteristics when induced into a VBNC state could have
significant effects on how this bacterium behaves in the environment. For
instance, previous studies have shown that cell shape, hydrophobicity, and
extracellular polymeric substance composition, among others, influence the
ability of bacterial cells to be transported through soil and groundwater systems.

Weiss et al. (1995) showed that smaller, rounder cells will often experience less

19



filtering than larger cells due to their ability to negotiate smaller pore spaces.
Jacobs et al. (2007) showed that hydrophobicity plays an important role in
determining how well cells will incorporate into the bulk flow solution and attach
to substrates in a groundwater setting, and Tsuneda et al. (2003) showed that
extracellular polymeric substance composition and length will influence the
attachment capability of cells to solid substrates, such as soil particles. The
transport behaviour of VBNC E.coli O157:H7 cells in soil and groundwater
systems have even greater public health significance when one considers that the
most widely-used and economical enumeration techniques for determining E.coli
0157:H7 contamination identifies only culturable bacterial cells.

Though it has already been shown that E.coli O157:H7 cells are capable of
entering a VBNC state (Rigsbee et al., 1997; Liu et al., 2008), few studies discuss
the phenotypic or behavioral changes this bacterial species undergoes when in the
non-culturable state. This could be, in part, due to the relatively large quantities of
cells required to perform the respective tests, such as soil transport assays, as well
as the time required to induce the VBNC state. Consequently, the first objective
of this study is to develop a modified protocol, based on Liu et al. (2009), to
produce consistent stock cultures of viable but non-culturable E.coli O157:H7
cells in quantities great enough to perform analytical tests in a timely manner
while ensuring cell viability. Second, VBNC E.coli O157:H7 cells will be
analyzed for their hydrophobicity, lengths and widths, as well as extracellular
polymeric substance composition (EPS), properties shown to influence their

behaviour in the environment, to add to the current knowledge base regarding the
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transition of E.coli O157:H7 cells into the VBNC state in response to
environmental stress.
2.2.  Materials and Methods
2.2.1. Culturable E.coli O157:H7 preparation

E.coli O157:H7 (strain ADRI V241) stock culture (kept at -80°C) was
initially streaked onto a Trypticase soy agar (TSA) plate (Becton, Dickinson and
Company, Franklin Lakes, NJ) and incubated at 37°C. After 24 hours, a single
colony was used to streak a second TSA plate. Following incubation (37°C, 24 h)
of this second streaked plate, a single colony was utilized to inoculate 1 mL of
Trypticase soy broth (TSB) (Becton, Dickinson and Company, Franklin Lakes,
NJ) which was then incubated overnight (12-14 h, 37°C, 125 rpm). The
following morning, a fresh culture was produced by inoculating the overnight
culture into TSB at a 50:1 (vol./vol.) ratio. This fresh culture was then incubated
(37°C, 125 rpm, 3.5 h).

Following incubation, E.coli O157:H7 cells in the fresh culture were
harvested using a Micromax RF centrifuge (Thermo IEC, Waltham, MA) at 4000
rpm for 25 min. Following harvesting, the cell pellet was washed three times in
sterile, deionized water in order to remove any remaining growth medium using
identical centrifuge settings as harvesting. Centrifuge settings were chosen to
correspond with settings used in the subsequent VBNC E.coli O157:H7
preparation procedure to ensure consistency. Following the final wash, the

culturable cell pellet was resuspended in 0.85% NaCl and incubated at 4°C until
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further analysis. This cell preparation procedure was followed for the culturable
E.coli O157:H7 cell characterization assays.
2.2.2. VBNC E.coli O157:H7 preparation

In this study, the procedure developed by Liu et al. (2009) was used as a
springboard to develop a new method to produce VBNC E.coli O157:H7 cells in
large quantities with high viability in a relatively short period of time. Based on
the principle that chloraminated tap water is generally characterized as being
highly oligotrophic and is oxidatively stressful to bacterial cells, and upon
exposure will cause the bacteria to enter a VBNC state (Liu et al., 2008), we
experimented with total chloramine concentrations in tap water samples, tap water
sample volumes, cell incubation temperatures and times, quantities of cells, and
washing procedures in order to generate reproducible, large quantity batches of
viable but non-culturable E.coli O157:H7 cells. The development of the
following procedure was an iterative process and took four consecutive months of
effort to complete.

Initial steps focused upon determining the ideal tap water volume,
incubation time and temperature, and chloramine concentration range to induce
the E.coli O157:H7 cells into a non-culturable state. Next, to increase the
viability of induced samples to an acceptable level on par with Liu et al. (2009),
cell washing procedures were explored. This involved altering centrifuge settings
and cell suspending procedures. It was eventually determined that by decreasing
the centrifuge speeds and limiting the stress to cells while resuspending by using a

simple inversion technique, it was possible to achieve induction of E.coli
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0157:H7 cells into a non-culturable state while retaining a high viability. The
new method is described as follows:

E.coli O157:H7 (strain ADRI V241) stock culture (kept at -80°C) was
initially streaked onto a Trypticase soy agar (TSA) plate (Becton, Dickinson and
Company, Franklin Lakes, NJ) and incubated at 37°C. After 24 hours, a single
colony was used to streak a second TSA plate. Following incubation (37°C, 24 h)
of this second streaked plate, a single colony was utilized to inoculate 1 mL of
Trypticase soy broth (TSB) (Becton, Dickinson and Company, Franklin Lakes,
NJ) which was then incubated overnight (12-14 h, 37°C, 125 rpm). The
following morning, a fresh culture was produced by inoculating the overnight
culture into TSB at a 50:1 (vol./vol.) ratio. This fresh culture was then incubated
at (37°C, 125 rpm, 3.5 h).

Following incubation, E.coli 0157:H7 cells in 1 mL (~10° cells/mL) of
the fresh culture were harvested in 20 mL of deionized water using a Sorvall
Biofuge Primo centrifuge (Mandell Scientific Co., Guelph, ON) at 4000 rpm for
25 min. Following harvesting, the cell pellet was washed three times in 20 mL of
sterile, deionized water in order to remove any remaining growth medium using
identical centrifuge settings as harvesting.

After the third wash, the supernatant was removed and the cells were
resuspended in 30 mL of 4°C filter-sterilized chloraminated tap water (Edmonton,
Alberta) with a concentration ranging from 1.5-2.0 mg /L total chloramine as
determined by amperometric back titration using an Autocat 9000 Chlorine

Amperometric Titrator (Hach, Loveland, CO). The chloramine concentration
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range was determined by using Liu et al. (2009) as an initial reference, then
through a number of induction trials, an optimum range was determined which
produced desired results. VBNC induction attempts using total chloramine
concentrations above 2.0 mg/L were found to result in marked decreases in cell
viability. The cell suspensions were incubated at 4°C for 30 min. (As a side note,
it was often necessary, particularly during colder months, to allow tap water
samples to incubate at room temperature (up to 24 h) in Erlenmeyer flasks prior to
filtration in order to decrease the total chloramine concentrations to within a
usable range via volatilization).

Following induction into the VBNC state, the cells were washed three
times using 20 mL of deionized water, utilizing an identical protocol as seen prior
to induction. This was done to remove any lingering tap water which may affect
cell viability. Following the final wash, the cell pellet was resuspended in 1 mL
of 0.85% NaCl and a culturability test performed on the cell suspension. This test
was performed by removing a 250 pul aliquot from the VBNC cell suspension and
placing it into an empty, sterile plate. Warm TSA was then poured into the plate,
allowed to solidify, then incubated overnight at 37°C. The remaining stock
VBNC cell suspension was incubated at 4°C overnight. The following morning
(~18 h later), the plates were viewed to see if any colony growth had taken place.
If present, the number of colonies was recorded, and a viability test on the
suspension was subsequently completed.

2.2.3. Determination of VBNC viabilty
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The viability test was completed using a Live/Dead BacLight bacterium
viability kit (Molecular Probes Europe, Leiden, The Netherlands) as per the
manufacturer’s instructions. It uses SYTO 9 stain and propidium iodide to
measure membrane integrity to distinguish live cells (intact cell membrane) from
dead cells (lacking an intact cell membrane) (Liu et al. 2008). Briefly, a 50 pl
aliguot of the VBNC cell suspension was added to 0.85% NaCl to a final volume
of 1 mL. To this suspension, 2.5 ul of the propidium iodide and Syto 9 mixture
was added. This was allowed to incubate at room temperature for 30 minutes in
the dark. Following this time, 0.85% NaCl was added to a final volume of 2 mL.
Samples stained with these reagents were filtered through 0.22-pum-pore-size
nitrocellulose membrane filters (Millipore, Billerica, MA). An epifluorescence
microscope (Zeiss Axioskop 2 FS) along with a DAPI filter and a 100x objective
was used to view live and dead cells. A series of 10 images were taken from each
different sample (e.g. Image 2-1). The bacteria were then counted and calibrated
using Adobe Photoshop CS5 (Adobe; San Jose, California, USA) to give the
percent of living cells in the suspension as well as providing a count of the total
number of cells in the suspension tested. This procedure was repeated with ten
different E.coli O157:H7 colonies in sample sizes ranging from 5 to 20 mL.

This induction procedure was used to produce the stock VBNC
suspensions of E.coli O157:H7 utilized in the subsequent cell property
characterization assays.

2.2.4. Cell property characterization

2.2.4.1. Cell hydrophobicity
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To determine the relative hydrophobicity of the culturable or VBNC E.coli
0157:H7 cells, the microbial attachment to hydrocarbon (MATH) assay was
utilized (Rosenberg, 1980) which measures the partitioning of cells between an
aqueous phase and a hydrophobic phase. This test was performed by first
determining the optical density of a 5 mL cell suspension at 546 nm using a
Lambda 35 UV/Vis spectrometer (PerkinElmers, Waltham, MA). Next, 4 mL of
the cell suspension (ODs46 ~ 0.29) was combined with 1 mL of a hydrocarbon, in
this case dodecane (ReagentPlus, Sigma-Aldrich) in a 17x100 mm test tube. The
suspensions were vortexed (Fisher Vortex Genie 2, Fisher Scientific) on high
speed continuously for two minutes then allowed to stand for 30 minutes to allow
separation of the aqueous and hydrocarbon phases. After this time, a 1 mL
sample of the aqueous phase was removed and its optical density measured at 546
nm. After acquiring this second optical density reading, the relative
hydrophobicity of the initial cell suspension could be determined using,

Hydrophobicity = (C,-C30) X 100 [2.1]
Co

Where C, is the initial optical density of the aqueous phase prior to hydrocarbon
addition and Cgy is the optical density of the aqueous phase following
hydrocarbon addition, mixing, and allowing phase separation for the time
previously stated. Equation [2.1] provides a measure of the percentage of cells
which have moved from the aqueous electrolyte solution into the hydrocarbon
phase. The MATH assay was performed for three different colony suspensions in
duplicate (n=6) for both culturable and VBNC E.coli O157:H7 cells.

2.2.4.2. Cell length and width
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Lengths and widths of VBNC and culturable E.coli O157:H7 cells were
collected by utilizing a Axioplan 1l microscope (Carl Zeiss) in differential
interference contrast (DIC) mode equipped with an CoolSnapHQ digital cooled
CCD Camera (Photometrics, Tuscon, USA). Prior to microscopic examination,
TSA-coated glass slides were utilized to immobilize the cells for viewing. These
slides were prepared by pouring warm 2% Trypticase soy agar over the slides,
allowing to solidify, then cutting excess agar from the slides using a razor blade.
Cells suspended in 0.85% NaCl were then applied (20 ul) to the coated slides and
a cover glass was sealed over the cells using clear nail polish. This assay was
performed in triplicate for both the VBNC and culturable cellular states with 100
images gathered from each replication for a total of 300 cells processed for each
cell state. Metamorph software (Molecular Devices) was used to capture the DIC
images. The images were then analyzed and individual cell lengths and widths
were determined using the ImageJ image processing program (Rasband, W.S, U.
S. National Institutes of Health).
2.2.4.3. Extracellular polymeric substance purification and analysis
2.2.4.3.1. Extracellular polymeric substance purification

The extracellular polymeric substance (EPS) purification technique
utilized was previously described by Gong et al. (2009) and utilizes
formaldehyde-sonication exposure combined with ethanol precipitation to isolate
and purify the tightly-bound cellular EPS structures from the loosely-bound and

free EPS.
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Initially, cell pellets of either VBNC or culturable E.coli O157:H7 cells
were resuspended in 12 mL of 0.85% NaCl and their optical density adjusted to
approximately 0.35 at 546 nm using a Lambda 35 UV/Vis spectrometer
(PerkinElmers, Waltham, MA). Next, 50 ul of culture suspension was combined
with 950 pl of 0.85% NaCl and stained using a Live/Dead BacLight bacterium
viability kit (Molecular Probes Europe, Leiden, The Netherlands) as per the
manufacturer’s instructions. Stained samples were filtered through 0.22-pum-
pore-size nitrocellulose membrane filters (Millipore, Billerica, MA) and 10 cell
images were taken for each sample using an epifluorescence microscope (Zeiss
Axioskop 2 FS) along with a DAPI filter and an inverted camera. These images
were processed manually and the viability and number of cells/mL determined for
each suspension analyzed.

Following image analysis, 5 mL of the culture suspension was centrifuged
using a Sorvall Biofuge Primo centrifuge (Mandell Scientific Co., Guelph, ON) at
4000 rpm for 25 min. The supernatant was removed and the cell pellet was
resuspended in 10 mL of 0.22% formaldehyde (ACS grade, Fisher Scientific) in
8.5% NaCl and incubated at 4°C for 2 hours. Following incubation, the
suspension was aligouted into five 2 mL centrifuge tubes and centrifuged
(3700xg, 4°C, 15 min) using a Micromax RF centrifuge (Thermo IEC, Waltham,
MA). The supernatant was removed from each tube and the pellets were
resuspended in 2 mL of deionized water and centrifuged again to rinse away any
remaining formaldehyde solution and non-EPS cellular material. The pellets were

then collected and 50 mL of deionized water was added to each tube for every
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gram of pellet (~1 mL of water/tube). The resuspended cell suspensions were
then sonicated (Sonicor S-50, Sonicor INC., Wallingford, CT) at 50 W for 2
minutes to detach any loosely-bound EPS and purify the EPS (Gong et al., 2009).
The suspensions were then centrifuged (3700xg, 4°C, 15 min) once more to
collect the purified EPS.

The final step of the EPS purification assay was to precipitate the EPS.
This was facilitated by combining the pellets into a 15 mL centrifuge tube in 5
mL 0.85% NaCl and 10 mL ice-cold ethanol and incubating overnight (~16 h) at
4°C. The following day, the precipitated EPS was collected by centrifugation
(4000 rpm, 30 min) using a Sorvall Biofuge Primo centrifuge and resuspended in
10 mL deionized water for further analysis.
2.2.4.3.2. Extracellular polymeric substance analysis

The purified EPS was analyzed for total protein using the Lowry method
(Lowry et al, 1951) and total sugars using the phenol-sulfuric acid assay (Dubois
et al., 1956) in a manner similar to Gong et al. (2009).

The Lowry method involved aligouting 0.3 mL of EPS suspension into a
17x100 mm sterile culture tube followed by 1.5 mL of Lowry reagent (24.5 mL of
2% Na,CO3 in 0.1 M NaOH, 0.25 mL of 2% Na,C4H4Os, and 0.25 mL of 1%
CuSOQOq - 5H,0). The mixture is then vortexed (Fisher Vortex Genie 2, Fisher
Scientific) and allowed to incubate for 10 min at room temperature in the dark.
After 10 minutes, 0.075 mL of 1 N Folin-Ciocalteu’s phenol reagent (Sigma-
Aldrich) is added to the culture tube, mixed by vortexing, and incubated again at

room temperature in the dark for 30 minutes. The absorbance of the mixture was
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then determined at 500 nm using a Lambda 35 UV/Vis spectrometer
(PerkinElmers, Waltham, MA) and the total protein in the sample calculated from
a standard curve prepared from Bovine serum albumin (Sigma-Aldrich) (2
mg/mL) (Appendix A).

The phenol-sulfuric acid method involved adding 2 mL of EPS suspension
to a clean, sterile glass vial followed by the addition of 1 mL of 5% phenol
solution (ReagentPlus, Sigma-Aldrich) and 5 mL of concentrated sulfuric acid
95.5% (ACS Pure, Fisher Scientific). The mixture was then incubated at room
temperature for 10 minutes followed by incubation in a water bath (IsoTemp 210,
Fisher Scientific) at 28°C for 20 minutes. The solution color was subsequently
allowed to stabilize at room temperature for an additional hour. The absorbance
of the mixture was then determined at 480 nm using a Lambda 35 UV/Vis
spectrometer (PerkinElmers, Waltham, MA) and the total sugar in the sample
calculated from a standard curve prepared from Xanthan gum (Sigma-Aldrich) (2
mg/mL) (Appendix B).

2.2.5. Statistical Analysis

Paired T-tests were used to elucidate any statistically significant
differences between cell properties. All statistical analyses were conducted using
R statistical software (R Development Core Team; Vienna, Austria) and
differences were considered significant at p<0.05.

2.3.  Results

2.3.1. Development of an E.coli O157:H7 VBNC induction protocol
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Image 2-1. Example of a Live/Dead BacLight image of viable but non-culturable
E.coli O157:H7 cells used to calculate the percent viability as well as total cell
count using the previously described induction procedure (Green cells=viable, red
cells=non-viable).

Using the VBNC induction procedure previously described in the
methodology section, culturability tests revealed a range of 0 CFU/mL to 480
CFU/mL with a mean of 49.8 CFU/mL and a standard deviation of 151.2
CFU/mL for the ten replications. Seven of ten culturability tests revealed zero
colony formation, two tests revealed colony numbers amounting to less than 20,
and one outlying test showed 480 colonies develop. The test with 480 colonies is
the reason behind the large standard deviation in relation to the mean. Despite
having what appears to be a large number of colony forming units in this
particular test, the 480 colonies account for less than 0.01% of the total number of

cells/mL in that particular sample (Table 2-1). Due to this fact, the reliability of

this procedure to induce a non-culturable state, despite the misleading standard
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deviation, is not in question. Following the culturability tests, viability tests were
conducted and used to produce ten images for each replication, which were then
utilized to reveal an average total cell number (viable and non-viable cells),
percent of cells in a non-culturable state, and percent viability for each sample
replicate (Table 2-1). From the data, the total number of E.coli O157:H7 cells
attempted to be induced into a VBNC state ranged from 1.93x10 cells/mL to
36.01x10 cells/mL with an average total cell count of 19.87x10” cells/mL and
standard deviation of 15.71x10’ cells/mL over the ten replications. The percent of
cells that entered a non-culturable state was consistently above 99.99% for the ten
samples. Finally, the induction procedure developed was able to achieve a range
in percent cell viability that varied from 79% to 92% with an average percent cell
viability of 86% with a standard deviation of 4.57%. In summary, the induction
procedure produced large quantities of viable but non-culturable (VBNC) E.coli
O157:H7 cells.

Table 2-1. Total count, colony forming units per mL, percent non-culturable
cells, and percent viability of VBNC E.coli O157:H7 cells from ten sample

replications using a modified VBNC induction procedure (standard deviations are
in parentheses) .

Replication | Cell Numbers (x Colony Non- Viability

10’ cells/mL) Forming Units | Culturable (%)

(per mL) Cells (%)

1 2.21 0 100 92

2 2.60 0 100 90

3 2.50 15 >99.99 84

4 1.93 3 >99.99 87

5 39.82 0 100 82

6 33.26 480 >99.99 79

7 36.01 0 100 88

8 27.93 0 100 85

9 27.91 0 100 81

10 24.47 0 100 92
Average 19.87 (15.71) 49.8 (151.2) >99.99 86 (4.57)
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2.3.2. Comparison of select culturable and VBNC E.coli O157:H7 properties

The assays utilized to characterize specific properties of the E.coli
0157:H7 cells indicate that significant (p<0.05) differences exist between the
VBNC and culturable cells (Table 2-2).

The cell morphology tests showed cell lengths and widths varied
significantly (p<0.05) between the E.coli O157:H7 cell culturable and VBNC
states. The lengths of the culturable cells varied from 3.93 um to 1.26 um, with a
mean length and standard deviation of 2.3 um and 0.5 pm, respectively. The
VBNC cell lengths were significantly (p<0.05) smaller, they varied from 3.21 um
to 0.82 pm, with a mean length and standard deviation of 1.7 um and 0.4 pm,
respectively. Cell widths from the culturable cells had a range of 1.53 pm to 0.72
um with a mean width and standard deviation of 1.1 pm and 0.15 um,
respectively. By contrast, VBNC cells had a smaller width with a range of 1.70
um to 0.54 um and an overall decrease in mean width and standard deviation to
0.98 um and 0.19 pum, respectively. The results demonstrate that cells, upon entry
into a VBNC state, miniaturize as well as transition from a rod-shape to a
coccoid-shape.

Lowry assays and the Phenol-sulfuric acid assays revealed that, following
a transition into the VBNC state, E.coli O157:H7 cells undergo a significant
increase (p<0.05) in the amount of tightly bound proteins and carbohydrates. The
total amount of tightly bound proteins on the culturable cell surfaces ranged from
28.7 ng/10° cells to 37.1 pg/10° cells, with a mean and standard deviation of 33.9

ng/10° cells and 4.0 nug/10° cells, respectively, while the total amount of tightly
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bound proteins on the VBNC cell surfaces ranged from 32.9 pg/10° cells to 53.8
1g/10° cells, with a mean and standard deviation of 44.7ug/10° cells and 7.2
ng/10° cells, respectively.

The Phenol-sulfuric acid assay demonstrated that total, tightly-bound
sugars ranged from 9.6 nug/10° cells to 13.1 nug/10° cells with a mean and standard
deviation of 11.2 pg/108 cells and 1.1 pg/10° cells, respectively, for the culturable
cells and a range of 16.2 pg/10° cells to 26.8 ug/10° cells with a mean and
standard deviation of 20.0 pg/10° cells and 4.0 pug/10° cells, respectively, for the
VBNC E.coli O157:H7 cells.

Looking at the ratio of protein-to-sugar content prior to and after
induction, culturable E.coli O157:H7 cells had a ratio of 3.03:1 (protein:sugar),
while VBNC E.coli O157:H7 cells had a ratio of 2.2:1 (protein:sugar) indicating
a proportionally greater increase in surface sugars compared to surface proteins
following entry into the VBNC state for E.coli O157:H7 cells.

Finally, the results from the microbial attachment to hydrocarbon (MATH)
assay, an indication of the relative hydrophobicities of the VBNC and culturable
cell suspensions, revealed a significant difference (p<0.05) between the two
cellular states. The culturable cells showed a range from 22% to 40%, with a
mean relative hydrophobicity of 32.5% and standard deviation of 6.8% compared
with the VBNC E.coli O157:H7 cells which illustrated a range from 14% to 23%,

with a mean relative hydrophobicity of 16.9% and a standard deviation of 3.4%.
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Table 2-2. Measured values of selected cell properties for culturable and VBNC
E.coli O157:H7 (standard deviations are in parentheses).

Cell Type | Hydrophobicity Cell Dimensions EPS Composition
(%) Length Width EPS EPS
(um) (nm) Protein | Sugar (ug/
(ng/10° | 10° cells)
cells)
Culturable | 32.5(6.8) a 2.3(0.5) |1.1(0.15) |33.9(4.0) |11.2(11)
a a a a
VBNC 16.93.4)b 1.7(0.4) |0.98 44.7 (7.2) | 20.0 (4.0
b (0.19) b b b

*Within each column, values with different letters are significantly different at the
p<0.05 level

2.4.  Discussion

Viable but non-culturable denotes a state in which bacterial cells cannot be
detected by standard culture on enriched agar media, although remaining viable
and capable of resuscitation under favorable conditions. Employed mainly by
Gram-negative bacteria, this cell state has been proposed as a strategy for survival
by bacteria in the natural environment (Gupte et al., 2003) in response to such
chemical and natural stresses as decreased incubation temperatures (Gupte et al.,
2003; Oliver and Day, 2004), starvation (Muela et al., 2008; Lindbéack et al.,
2009), exposure to hydrogen peroxide (Asakura et al., 2007), exposure to heavy
metals (Ordax et al., 2006) and exposure to chloramines (Liu et al., 2008), among
others. It has been shown bacteria in the VBNC state can retain their ability to
cause infection in hosts (Jones et al., 1991; Oliver and Bockian, 1995; Liu et al.,
2009) which has significant implications on public health and renders the
acquisition of knowledge regarding the VBNC state one of great importance.

In this study, we have developed a new induction procedure, using

chloramine exposure, to induce Escherichia coli O157:H7 cells into a VBNC
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state. The procedure, modified from Liu et al. (2009), was shown to induce a
relatively large quantity of cells (>10° cells/mL) with a high viability (86% on
average) and very low culturability (>99.99% of total cells becoming non-
culturable). The new procedure retains a short incubation time as outlined in the
original publication. Using the procedure, we were able to demonstrate that the
transition from a culturable to a VBNC state for E.coli O157:H7 cells is
accompanied by significant changes in the lengths and widths, extracellular
polymeric substance compositions, and hydrophobicities of the induced cells.
There have been numerous studies completed outlining the induction of
bacterial species into a viable but non-culturable state, including E.coli O157:H7
cells. The problem with the majority of induction procedures, however, are two-
fold: First, many of the published methods for stimulating a VBNC state require
lengthy incubation periods which becomes inconvenient and inefficient for the
researcher. For instance, Oda et al. (2004) utilized an incubation period of one
week under starvation conditions in phosphate buffered saline and a reduced
temperature to induce E.coli O157:H7 cells into a VBNC state. In a study by
Muela et al. (2008), Escherichia coli strain 416 was induced into a VBNC state
under varying levels of stress including starvation alone, photooxidative stress
caused by illumination, and finally starvation combined with illumination and
incubation in natural sea water. The results showed that cells entered a VBNC
state in 6 days, 3 days, and 1 day, respectively. Even exposure to 0.05%
hydrogen peroxide under starvation conditions required 48 hours to provoke

E.coli O157:H7 strain F2 cells into a VBNC state (Asakura et al., 2007).
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Procedures utilized by Signoretto et al. (2000), Pruzzo et al. (2003), and Lai et al.
(2009) also required prolonged incubation periods of six weeks in minimal media
to induce Vibrio parahaemolyticus cells, 3 weeks in artificial sea water at reduced
temperature to induce Vibrio cholerae O1 cells, and 16 days in sterilized lake
water at reduced temperature to induce Enterococcus faecalis 56R cells,
respectively.

Second, many of the reviewed procedures do not attempt to induce a large
quantity of cells per volume. This is an issue if a large quantity of cells in a
VBNC state is required to study a particular cell property. For instance, Lleo et
al. (2007) utilized 10" CFU/mL when inducing enterococcal species into the
VBNC state, Signoretto et al. (2000) used cell quantities of 1-2x10° CFU/mL in
their procedure, and Liu et al. (2009) induced E.coli O157:H7 cells into the
VBNC state using chloraminated tap water within 15 minutes, however, only at a
cell density of 10° CFU/mL.

Following optimization, it was determined that the new method described
in this study could be used to induce approximately 10%-10° E.coli O157:H7 cells
into a VBNC state in 30 minutes. This was accomplished by increasing the
volume of deionized water the cells are washed with pre- and post-incubation,
increasing the incubation period slightly, and using low-speed centrifugation and
tube inversions during the cell washes, in contrast with Liu et al. (2009). These
necessary changes are most likely explained by the increase in E.coli O157:H7
cells employed in our protocol. The increase in cell numbers will thus require a

greater volume of water to wash away growth media or excess tap water, as well
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as a lengthier incubation period to ensure complete cellular interaction with the
chloramines in the tap water to illicit the desired response. Lowering the
centrifugation speeds was necessary to maintain high viability. It is unclear why
high centrifuge speeds decrease viability, but it may be due to the finding that
Gram-negative VBNC cells, as demonstrated using E.coli KN126, have been
shown to have an autolytic capability higher than that of exponentially growing
cells as well as no increase in mechanical resistance of the cell wall (Signoretto et
al., 2002). This could lead to a scenario where the synergistic effects of the
chloramine exposure combined with the high-speed centrifugation can lead to cell
autolysis. Signoretto et al. (2000), however, showed that Gram-positive
E.faecalis cells in the VBNC state had a cell wall that was more resistant to
mechanical disruption than exponentially growing cells. Similarly, Wong and
Wang (2004) demonstrated that VBNC V. parahaemolyticus cells were more
resistant to thermal inactivation, low salinity, and mild acid stresses than the
exponential phase cells possibly due to the upregulation of specific factors or
regulons.

The results from the cell length/width study revealed a miniaturization as
well as a transition from a rod-shape to a coccus-form for E.coli O157:H7 cells in
the VBNC state. This finding has been substantiated in numerous other studies
(Costa et al., 1999; Signoretto et al., 2002; Pruzzo et al., 2003; Oda et al., 2004)
whom all noted a similar shrinking and shift in shape when studying their
respective VBNC Gram-negative bacterial species. It has been suggested that

these changes occur in order to increase the surface area-to-volume ratio of the
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cells to minimize the nutritional requirements of the cells while maintaining a
large surface area with the external surroundings to facilitate nutrient uptake
(Jiang and Chai, 1996; Abdallah et al., 2008) when the cells are in the VBNC
state.

The second cell property to be looked at was the bound proteins and
sugars on the surface of the culturable and VBNC cells, which make up the
majority of the extracellular polymeric substances (EPS) but also includes humus-
like substances, uronic acids, and DNA in smaller quantities (Liu and Fang,
2003). Utilizing an EPS purification technique previously described by Gong et
al. (2009), which isolates only the tightly bound EPS on the surface of the cells,
the results showed a significant upregulation of both bound sugars and proteins on
the surfaces of VBNC E.coli O157:H7 cells when compared with culturable cells.
The reasoning behind using this EPS purification technique was primarily the
desire to explore only tightly-bound EPS which forms a type of capsule around
the cell surface, whereas the loosely-bound or free EPS is exuded from the cell
and released into the surrounding media (Nielsen and Jahn, 1999) and can easily
be washed away. Long et al. (2009) showed that it is the tightly-bound EPS,
namely the proteins and sugars, which will have the greatest influence on
adhesion to environmental substrates. In their study, the bound EPS from the cell
surfaces of four bacterial strains were removed which resulted in a decrease in
ability to bind to silica surfaces. Similar findings were also shown by Li and
Yang (2007) who demonstrated that an increase in the amount of loosely-bound

or free EPS will worsen the bioflocculation and weaken the structure of sludge
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flocs due to cells being more slippery and having a higher bound water content.
Liu et al. (2007) also observed a decrease of deposition to surfaces by removal of
EPS from cell surfaces and postulated that EPS enhancement of cell deposition is
possibly due to the formation of attractive polymeric interaction between silica
surfaces and major EPS components like polysaccharides and proteins.

Initially, it was speculated that EPS production would decrease for E.coli
0157:H7 cells upon entry into the VBNC state in an effort to conserve energy to
maintain intracellular activity; however, this was not the case. The upregulation
of EPS that was found in this study might be a defense mechanism for the VBNC
cells in response to the chloramine stress. This phenomenon was demonstrated by
Ryu and Beuchat (2005) who found that a strain of Escherichia coli O157:H7
which overproduces EPS had increased resistance to chlorine exposure compared
with other strains producing lower levels of EPS. Chen et al. (2004) described the
upregulation of colonic acid-containing EPS on the surfaces of E.coli O157:H7
cells following exposure to environmental stress and went on to show that E.coli
0157:H7 mutants deficient in colonic acid production were more susceptible to
oxidative and osmotic stresses than their wild-type counterparts. Similarly,
Roberson et al. (1992), Weiner et al. (1995), Ordax et al. (2006), and Henriques
and Love (2007) all noted similar EPS upregulation in studies examining bacterial
responses to environmental stresses.

The final cell property explored and compared was hydrophobicity using
the microbial attachment to hydrocarbon (MATH) assay. Our results show that

E.coli O157:H7 cells stimulated into a VBNC state through exposure to
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chloramines undergo a significant decrease in their relative hydrophobicity,
compared with culturable cells. Similar findings were reported by Hedge et al.
(2008) who observed that oxidative stress by exposure to hydrogen peroxide had
an inhibitory effect on the cell surface hydrophobicity and adherence of E. coli.
Similarly, Uberos et al. (2001) found that incubating Escherichia coli in Mueller
Hinton broth containing the oxidizing agents melatonin and vitamin E, also
resulted in decreased surface hydrophobicity. Both of these papers support the
view that oxidative stress plays an important role in modifying the surface
characteristics of E. coli, which could affect the micro-organisms capacity to
adhere to substrates. The molecular affect of the stress response on Escherichia
coli was also examined by Zhang et al. (2007) who were able to show that a gene
called ycfR, which is upregulated 10-fold under chlorine treatment (Wang et al.,
2009), can modulate E. coli K-12 biofilm formation through various pathways
including decreasing surface hydrophobicity by altering surface membrane
protein expression.

To make sense of these relative hydrophobicity results we must consider
what is occurring on the surface of the E.coli O157:H7 cells in the VBNC versus
the culturable states. The hydrophobicity of a cell is a reflection of the presence
of both hydrophobic and hydrophilic groups in the EPS, and is represented as an
average of the hydrophobicity of its components. Different components with
different physical and chemical characteristics should play different roles in
cellular surface properties (Wang et al., 2006). Neu and Marshall (1990)

indicated that that the main type of polymers found on the surface of bacteria are
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proteins and polysaccharides and these components can either be hydrophobic or
hydrophilic depending on their composition. From our results, it appears that an
increase in surface proteins and sugars has subsequently led to a decrease in the
hydrophobicity of E.coli O157:H7 cells in the VBNC state.

Numerous studies have shown the dominant surface carbohydrate of
Gram-negative bacteria as being lipopolysaccharide (LPS) molecules. The
portion of the LPS which extends out from the cell, known as the O-antigen
portion, is made up of repeating charged sugar units which renders them
hydrophilic (Bower and Rosenthal, 2006; Raszka et al., 2006; Liu, H., 2008;
Matthysse et al., 2008). It seems logical then that an increase in the quantity of
LPS molecules on the surface of the VBNC E.coli O157:H7 cells will render the
cell more hydrophilic. This is consistent with the increase in surface sugars and
decrease in hydrophobicity seen in this study. Past studies, however, have shown
that an increase in surface protein content is associated with an increase in cell
hydrophobicity (Jorand et al., 1998; Raszka et al., 2006). For this study, it would
seem then that the upregulation of surface carbohydrates had a greater influence
on the hydrophobicity of the VBNC E.coli O157:H7 cells than the upregulated
surface proteins. This finding can possibly be explained by the ratio of surface
protein-to-surface sugar prior to and following induction into a VBNC state for
E.coli O157:H7 cells. The data (Table 2-2) indicates that there was a
proportionally greater increase in surface carbohydrates following entry into the
VBNC state than surface proteins. Liao et al. (2001) isolated the EPS from

filamentous microorganism in sewage sludge. They suggested that the proportions
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of EPS components (i.e. proteins:carbohydrates) were more important than the
quantities of individual EPS components in controlling hydrophobicity. It is
possible then, that the results of this study were caused by the shielding nature of
the upregulated LPS hydrophilic O-antigen branches extending from the surface
of the VBNC cells forming a hydrophilic layer around the VBNC E.coli O157:H7
cells. This would effectively mask the influence of the hydrophobic surface
proteins, causing a subsequent lowering of VBNC cell hydrophobicity.
2.5.  Conclusions

It is abundantly evident that Escherichia coli O157:H7 has considerable
clinical significance as a human pathogen. It is also well documented that this
pathogen is capable of becoming viable but non-culturable (VBNC) when
exposed to environmental and chemical stresses, while still maintaining its
capacity to produce disease-causing factors, making it a considerate threat to
public health. Our research outlines the development of a novel procedure by
which E.coli O157:H7 cells can be induced into a VBNC state using
chloraminated tap water in a relatively short time period and in large densities
while still maintaining high viability. This procedure can allow for increased user
efficiency as well as widening the assay options for VBNC E.coli O157:H7 cells
which otherwise may not have been possible. Using the new induction procedure,
we were also able to show that E.coli O157:H7 cells when stimulated into a
VBNC state undergo a significant change in their size and morphology, their
surface EPS composition, and their hydrophobicity. It is suggested that the

decrease in cell size and change in shape of the VBNC E.coli O157:H7 cells is to
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minimize the nutritional needs of the cell while still increasing the surface area-to-

volume ratio; while the increase in surface proteins and carbohydrates are a

defense mechanism in response to the environmental stress which, as a result,

leads to a decrease in VBNC cell hydrophobicity. These findings will become
important when analyzing differences between culturable and VBNC bacteria
cells in terms of adhesive abilities, flocculation capacities, and cell resistance
capabilities, for instance. Overall, this study suggests that the VBNC state is an
adaptive response by bacteria to stress and the changes the cells undergo are
significant and will likely influence how the cells interact with their environment.
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3. Transport of culturable and VBNC E.coli O157:H7 cells through
columns packed with washed or unwashed sand
3.1. Introduction

Escherichia coli O157:H7 is a pathogenic bacterium which can cause
serious disease symptoms in humans following ingestion. Symptoms can
manifest within hours of and up to 10 days following ingestion of the bacteria,
and can range from severe abdominal cramping and bloody diarrhea (hemorrhagic
colitis) to hemolytic uremic syndrome, an unusual type of kidney failure which
can ultimately prove fatal. Though detrimental in humans, this bacterium is able
to form commensal relationships within the intestinal tract of cattle, poultry, and
other animals (Canadian Food Inspection Agency, 2009). The preference of
E.coli O157:H7 to inhabit the intestinal tract of animal hosts, however, exposes
the bacteria to risk of excretion. Epidemiologic studies that have been conducted
throughout Canada and the USA have shown that a significant proportion of cattle
herds contain individuals which are actively shedding E.coli O157:H7 in their
feces (Faith et al., 1996; Shere et al., 1998; Laegreid et al., 1999; Van
Donkersgoed et al., 1999; Galland et al., 2001; Dodd et al., 2003; Vidovic and
Korber, 2006).

The application of animal manures to soil as crop fertilizers is an
important means for recycling the nitrogen and phosphorus which the manures
contain (Gagliardi and Karns, 2000). In scenarios where livestock density is very
high, such as for feedlots, most manure is land applied close to source at high

application rates for economical reasons. This diminishes its traditional role as a
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soil amendment and it is often viewed as a disposal problem rather than the
utilization of a valuable nutrient source. This high density of manure application
can ultimately lead to the degradation of soil and water resources (Larney and
Hao, 2007).

Animal manure application to agricultural land, though widely practiced,
has been cited as a major source of pathogenic microorganisms in surface and
groundwater systems (Reddy et al., 1981; Jamieson et al., 2002). Land
application of contaminated manure may result in the infiltration of the
pathogenic organisms into the subsurface and ultimately lead to a public health
risk if drinking water supplies become contaminated (Unc and Goss, 2004). For
instance, in May 2000, Walkerton, Ontario, Canada’s drinking water system
became contaminated with deadly bacteria, primarily Escherichia coli O157:H7,
following the land-application of contaminated manure. Despite the fact that the
manure had been applied using accepted farm practices, the bacteria were able to
move through the soil profile and into one of the towns drinking water wells,
ultimately leading to the deaths of 7 people and causing illness in an additional
2300 (O’Connor, 2002). Contamination of drinking water sources with E.coli
0157:H7 have been documented throughout the developed world including
Canada (Jackson et al., 1998; Hrudey et al., 2003), the United States of America
(Swerdlow et al., 1992; Olsen et al., 2002), and Scotland (Licence et al., 2001).
The common link between the majority of these case studies was human infection
through the consumption of untreated water from a private well or from a well

which had been improperly treated. Due to the health risks associated with
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human infection, it becomes imperative that protocols be established utilizing
detection methods that seek out sources of contamination accurately and
efficiently so preventative measures may be taken to avert future outbreaks.

Detection of E.coli O157:H7 in the environment, however, may not
always be as simple as a straight-forward culture test on standard media. Recent
microbiological studies have demonstrated that E.coli O157:H7 may enter a
viable but non-culturable state (VBNC) when exposed to sublethal stresses
(Oliver, 2005) such as elevated or reduced temperatures, elevated or reduced
osmotic concentrations, nutrient starvation, levels of oxygen (Oliver, 1993) or
exposure to chloramines (Liu, 2008). In the stress-induced VBNC state, the cells
are still metabolically active, but not reproductively active; that is, they do not
undergo cellular division on conventional media and, therefore, will not produce
colonies (Rigsbee et al., 1997). This behavior increases the likelihood of false
negative tests which has important implications for public health since the number
of viable E.coli O157:H7 bacteria may be systematically underestimated by
traditional culture-based methods.

Numerous studies have been published detailing the transport of culturable
E.coli O157:H7 in varying soil systems under both laboratory and field conditions
(e.g. Gagliardi and Karns, 2000; Ogden et al., 2001; Vinten et al., 2002; Bradford
et al., 2006; Semenov et al., 2009). However, to date, the transport characteristics
of VBNC E.coli O157:H7 cells in these systems has not been examined. Studies
have shown that bacterial cells entering the VBNC state undergo morphological

changes. For instance, Oda et al. (2004) noted E.coli O157:H7 cells transition
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from a rod to a coccoid-shape; Signoretto et al. (2000) found that Enterococcus
faecalis VBNC cells were twice as resistant to mechanical disruption as
exponentially growing, stationary, or UV-killed cells; and Lleo et al. (2007)
showed that some species of VBNC enterococci exhibit decreased adhesion-
ability compared to actively growing cells and were incapable of forming biofilms
completely, differences which they attributed to reduced metabolism and altered
surface characteristics resultant from the VBNC state transition. In addition, our
own findings suggest E.coli 0157:H7 cells induced into a VBNC state undergo a
decrease in their relative hydrophobicity, an increase in tightly-bound surface
protein and sugar expression, as well as miniaturization and shortening to a
coccus-like form, all in relation to their exponentially-growing, culturable form
(Section 2.3.). These findings are important as the morphological and surface
characteristics of bacterial cells have been shown to strongly influence their
transport and adhesive properties. Characteristics such as length and width
(Gannon et al., 1991, Bradford et al., 2002; Bradford et al., 2006), surface charge
(Bolster et al., 2006; Jacobs et al., 2007), hydrophobicity (Williams and Fletcher,
1996; DeFlaun et al., 1999), and cell-surface coating (DeFlaun et al., 1990;
Rijnaarts et al., 1996; Williams and Fletcher, 1996; Simoni et al., 1998) have all
exhibited influence over bacterial attachment and transport in soil systems.

Past studies have utilized bacterial breakthrough curves (BTCs), derived
from either field (Pang et al., 1998) or laboratory (i.e. Mallants et al., 1994)
experiments, along with time moment analysis to estimate bacterial transport

parameters through porous media. Valocchi (1985) described time moments as

54



being physically meaningful descriptors of the mass concentration breakthrough
of a transport assay. Time moments, for instance, can be used to gauge the mass
flux, the mean travel time, and the degree of spreading (dispersion) of a bacterial
breakthrough curve. Given the findings that many species of bacteria are capable
of undergoing morphological changes upon entering the VBNC state, it becomes
important to determine whether the transport properties of E.coli O157:H7 within
soil and contaminated groundwater are also altered upon entering a VBNC state.
Therefore, the objective of this study is to use packed porous medium column
transport experiments to quantify transport properties of these two cellular states.
In particular, cumulative mass flux will be measured in a controlled laboratory
setting and time moment analysis applied to the resulting breakthrough curves to
elucidate any potential transport differences which may exist when E.coli
0157:H7 cells transition from a culturable to a VBNC state. The results from this
research will contribute to the development of better water quality indicators and
assessments of risk for contamination of water resources.
3.2.  Methods
3.2.1. Culturable E.coli O157:H7 preparation

E.coli O157:H7 (strain ADRI V241) stock culture (kept at -80°C) was
initially streaked onto a Trypticase soy agar (TSA) plate (Becton, Dickinson and
Company, Franklin Lakes, NJ) and incubated at 37°C. After 24 hours, a single
colony was used to streak a second TSA plate. Following incubation (37°C, 24 h)
of this second streaked plate, a single colony was utilized to inoculate 1 mL of

Trypticase soy broth (TSB) (Becton, Dickinson and Company, Franklin Lakes,
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NJ) which was then incubated overnight (12-14 h, 37°C, 125 rpm). The
following morning, a fresh culture was produced by inoculating the overnight
culture into TSB at a 50:1 (vol. /vol.) ratio. This fresh culture was then incubated
(37°C, 125 rpm, 3.5 h).

Following incubation, E.coli O157:H7 cells in the fresh culture were
harvested using a Micromax RF centrifuge (Thermo IEC, Waltham, MA) at 4000
rpm for 25 min. Following harvesting, the cell pellet was washed three times in
sterile, deionized water in order to remove any remaining growth medium using
identical centrifuge settings as harvesting. After the final wash, the culturable cell
pellet was resuspended in 0.85% NaCl and incubated at 4°C until needed.

3.2.2. VBNC E.coli O157:H7 preparation

The novel method utilized to prepare E.coli O157:H7 cells in the VBNC
state was derived from Liu et al. (2009) and is described in detail in Section 2.

Briefly, E.coli O157:H7 cells were initially prepared as described for
culturable E.coli O157:H7 cells (Section 3.2.1.). Following the final wash, the
supernatant was removed and the cells were resuspended in 30 mL of 4°C filter-
sterilized chloraminated tap water (Edmonton, Alberta) with a concentration
ranging from 1.5-2.0 mg /L total chloramine as determined by amperometric back
titration using an Autocat 9000 Chlorine Amperometric Titrator (Hach, Loveland,
CO). The cell suspensions were incubated at 4°C for 30 min. (As a side note, it
was often necessary, particularly during colder months, to allow tap water

samples to incubate at room temperature (up to 24 h) in Erlenmeyer flasks prior to
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filtration in order to decrease the total chloramine concentrations to within a
usable range via volatilization).

Following induction into the VBNC state, the cells were washed three
times using deionized water, utilizing an identical protocol as seen prior to
induction, in order to remove any lingering tap water which may affect cell
viability. Following the final wash, the cell pellet was resuspended in 0.85%
NaCl and a culturability test performed on the cell suspension. This test was
performed by removing a 250 pl aliquot from the VBNC cell suspension and
placing it into an empty, sterile plate. Warm TSA was then poured into the plate,
allowed to solidify, then incubated overnight at 37°C. The remaining stock
VBNC cell suspension was incubated at 4°C overnight. The following morning
(~18 h later), the plates were viewed to see if any colony growth had taken place.

The viability test was completed using a Live/Dead BacLight bacterium
viability kit (Molecular Probes Europe, Leiden, The Netherlands) as per the
manufacturer’s instructions. It uses SYTO 9 stain and propidium iodide to
measure membrane integrity to distinguish live cells (intact cell membrane) from
dead cells (lacking an intact cell membrane) (Liu et al. 2008). Briefly, a 50 ul
aliquot of the VBNC cell suspension was added to 0.85% NaCl to a final volume
of 1 mL. To this suspension, 2.5 ul of the propidium iodide and Syto 9 mixture
was added. This was allowed to incubate at room temperature for 30 minutes.
Following this time, 0.85% NaCl was added to a final volume of 2 mL. Samples
stained with these reagents were filtered through 0.22-um-pore-size nitrocellulose

membrane filters (Millipore, Billerica, MA). An epifluorescence microscope
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(Zeiss Axioskop 2 FS) along with a DAPI filter and a 100x objective was used to
view live and dead cells. A series of 10-15 images was taken from each sample.
The bacteria were then counted and calibrated to give the percent of living cells in
the suspension a well as providing a count of the total number of cells in the
suspension per milliliter. This procedure was found to induce >99.99% of E.coli
0157:H7 cells at a density of >10° cells/mL into a VBNC state while retaining a
mean cell viability of 86% (see Section 2).
3.2.3. Column transport experiments

Columns for the transport experiments were set up in a manner similar to
Bolster et al. (2009).
3.2.3.1. Sand preparation

Sieved quartz sand was used for the transport experiments. The sieved
quartz sand had a particle size range between 250 and 500 um. Prior to use in the
column, the sand was washed in boiling 1 M hydrochloric acid for 2 hours to
remove metal oxides, then rinsed with deionized water until the rinse water pH
reached a level very near the pH of the water prior to rinsing. The sand was then
autoclaved and dried for 24 hours in an oven at 110°C. Unwashed, autoclaved
sand was also utilized in transport experiments. Prior studies (e.g. Scholl and
Harvey, 1992; Bolster et al., 2001) using acid-washed sand and metal-oxide
coated sand particles have shown to have a significant influence on the transport
characteristics of bacterial cells through soil columns. In both cases previously
referenced, bacterial retention in columns utilizing metal-oxide coated sand

particles was greater than columns packed with acid-washed sand. Previous work
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(Section 2.3) has shown that phenotypical and surface chemical variations exist
between culturable and VBNC E.coli O157:H7 cells. It is in our interests then to
utilize columns packed with both sand types, either acid-washed or unwashed
(presence of metal-oxides). This will help elucidate any transport and retention
differences between culturable and VBNC E.coli O157:H7 cells due to possible
adsorptive and surface interaction heterogeneities brought on by cell induction
into a VBNC state. Utilizing both sand types, according to past studies, will
provide an environment more supportive of bacterial mass flux (acid-washed
sand) and one more conducive for cell-particle interaction and bacteria retention
(unwashed sand).
3.2.3.2. Saturated conductivity determination

The average saturated hydraulic conductivity of the sand was 186.1 cm/h.
The saturated hydraulic conductivity of the sand was determined by steady-state
flow measurements in saturated cores under a constant hydraulic head gradient.
First, cheese cloth was attached to the open bottom of an aluminum core (radius =
2.35 cm, height = 7.5cm) followed by the incremental packing of sand to a
constant bulk density at a final height of 5 cm within the core. The sand-packed
core was saturated from the bottom up through capillary action by submerging the
bottom portion of the core in deionized water. This minimized any air bubbles
from being trapped within the core, ensuring all pores were fully saturated. Next,
the core was attached to a constant head water supply device (water trough) and
water applied at a rate to maintain a constant 2 cm pond of water on the sand

surface while the water was allowed to pass through the column. Saturated
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conductivity was determined by measuring the mass of water that passed through
the column per unit time and subsequently employing Darcy’s flow equation [3.1]

q = Ks * (AH+1/AZ) [3.1]
where g (L3 L2 t?) is the volumetric flux of water per unit area per unit time
leaving the column, K (L t™) is the saturated hydraulic conductivity of the soil,
AHr (L) is the difference in total soil water potential at the top and bottom of the
column, and Az (L) is the height of soil in the column. This scenario was repeated
for ten trials of differing length of time and run in duplicate to generate an
average measure of the saturated conductivity for this sand.

Considering the high conductivity of the quartz sand, a horizontal column
was used to control the magnitude of the flux of the flow solution through the
columns. A vertical column would have resulted in very fast bacterial transport,
preventing efficient sampling. By employing horizontal column assays, we were
able to maintain saturated conditions and reduce the solution flux to a desired rate
to enhance bacterial interaction with the matrix and extend the time interval so
that reliable samples could be taken.
3.2.3.3. Column setup

Acrylic cores (Soil Measurement Systems, Tucson, USA) used for the
transport assays were 2.5 cm in diameter and either 5.0 cm or 10.0 cm in length
for a total core volume of 24.5 cm® or 49.1 cm?, respectively. One end of the core
was covered by a 210 um polypropylene mesh membrane filter (Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA) to allow flow through of

solution while preventing sand escape when the column is in the vertical position
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during initial saturation steps. The biologically-inert mesh chosen also
discourages bacterial adsorption. Both ends of the columns were flanked by
perforated brass plates which facilitates even dispersal of applied solution across
the entire cross-sectional area of the sand. The ends were then sealed by acrylic
plates with a single hole bored into the center of each to be used as either an inlet
or an outlet. A schematic of the flow apparatus is shown in Image 3-1. The
column is entirely sealed to prevent fluid leaking or outside contamination. The
pump that feeds the flow solution, as well as the solution containing bacteria into
the column was a syringe-type pump (PHD 2000 Programmable, Harvard
Apparatus). For this setup, we utilized two 10 mL syringes feeding either the
bacteria-free solution or the bacteria suspension into the column. The choice of
source solution was facilitated by two T-valves located between the one way
valve and the column for each syringe pathway. This allows fluid from one
syringe to enter the column while fluid from the other syringe circulates back into
its reservoir (Images 3-1 and 3-2). The valves allow for quick changes from
bacteria-free solution to bacteria flow solution or vice versa, as well as
eliminating any excess air that may exist in the lines prior to injection into the
column. The fluid pathways were made of Tygon B-44-4X tubing (Fisher
Scientific) which is also designed to prevent bacterial entrapment or adsorption
(Saint-Gobain Performance Plastics, 2007). The acrylic core, tubing, syringes,
and valves were sterilized prior to each use by either autoclaving or cleaning with

70% ethanol.
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Image 3-1. Overhead schematic of column setup used in transport assays.

Image 3-2. Image of column and pump setup used in transport assays. Pictured
is a 10 cm column containing washed sand.
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3.2.3.4. Column packing

Initially, a column was wet packed using deionized water with the column
orientated in a vertical direction. This was done by adding sand in increments,
saturating the sand using deionized water, stirring the sand to release trapped air,
and finally, packing. The sand was added to the top of the column and then the
end plate was attached. The final packed average bulk density of the columns
was determined to be 1.67 (0.02) g/cm?® and the estimated average porosity of the
sand was determined to be 0.37 (0.08) cm® cm?, considering a particle density of
2.65 g/ cm®. Pore volumes of 9.04 cm®and 18.30 cm® were calculated for the 5
cm and 10 cm columns, respectively. Column packing was performed in a
biosafety cabinet to maintain sterility of sand pack.
3.2.3.5. Transport of 0.01% NaCl, VBNC, and culturable E.coli O157:H7

From previous experimentation, it was determined that an ideal flow
solution to maintain VBNC viability was 0.85% NaCl (Section 2.3.). Therefore
this flow solution was applied to the column via the bottom inlet using the syringe
pump set at a rate of 0.89 (0.004) mL/min. This method of saturation allowed for
any air within the pores to escape and be replaced by the flow solution.
Following saturation, the column was re-orientated in a horizontal position and
flow solution was added (5 pore volumes) to obtain steady-state flow within the
sand pack at a rate of 0.89 (0.004) mL/min.

Once steady-state flow was achieved in each column using 0.85% NaCl, a
pulse of reduced concentration NaCl (0.01%) was added for 1.0 pore volume

while maintaining flow at a rate of 0.89 (0.004) mL/min. The 0.01% NaCl pulse

63



was added as a conservative tracer to characterize the transport characteristics of
the sand flow column. After pulse application, the effluent from the column was
sampled in two minute increments for 3 pore volumes. The electrical
conductivity, EC, of each sample was then analyzed using an Orion 5-Star
pH/RDO/Conductivity Portable Multiparameter Meter (ThermoScientific)
coupled with an Orion DuraProbe 4-Electrode Conductivity Cells probe
(ThermoScientific). The EC data was used to construct a breakthrough curve of
the conservative tracer to determine the transport characteristics of the sand. For
each flow column/experiment the conservative pulse was carried out and the
graphs compared to determine the consistency of flow column set-up and sand
packing.

Following the conservative tracer application, bacteria-free flow solution
(0.85% NaCl) was pumped through the sand pack at a rate of 0.89 (0.004)
mL/min for a total of 5 pore volumes to re-establish consistent pore water
concentration. Next, the flow of 0.85% NaCl was diverted from the column and a
pulse of 0.85% NaCl flow solution containing either VBNC or culturable E.coli
0157:H7 was added for 1 pore volume. The flow solution with bacteria had an
optical density of approximately 0.225 at 546 nm (for the 5.0 cm column) or
approximately 0.2 at 546 nm (for the 10.0 cm column) and was applied at the
steady-state flow rate of 0.89 (0.004) mL/min. These optical densities are
approximately equivalent to a concentration of 10°-10% cells/mL. After bacterial
pulse applications, sampling of effluent occurred in two minute increments

beginning two minutes after the bacterial pulse application and continued for 5
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pore volumes. Following sampling, 1 mL aliquots from each effluent sample
were used to determine the optical density of the sample at 546 nm using a
Lambda 35 UV/Vis spectrometer (PerkinElmers, Waltham, MA). These results
were then related to the original optical density of the flow solution (C/Co) and
graphed in relation to time. A standard curve was developed to ensure that a linear
relationship exists between optical density and cell concentrations used in the
column assays (Appendix C). This was done by preparing three suspensions of
culturable E.coli O157:H7 cells in an identical manner as previously discussed
(Section 3.2.1.) and the optical densities of the suspensions adjusted to
approximately 0.220. Sample dilutions of the suspensions were then prepared and
ranged from zero dilution (pure culture) and incrementally increased linearly to
complete dilution (pure 0.85% NaCl). The optical densities of the samples were
determined using the spectrophotometer and subsequently graphed. Following
analysis, the adjusted R?-value was found to be 0.999 indicating a strong linear
relationship between cell concentration and dilution within the approximate range
of cell densities utilized in the transport assays thereby validating the cell quantity
detection method.

Column experiments were run in triplicate for each cell state in the 5 cm
columns (Appendix D, E) using washed sand, five runs were done for each cell
state in the 10 cm columns using washed sand (Appendix F, G), and two runs
were completed for each cell state in the 10 cm columns using unwashed sand
(Appendix H, I).

3.2.3.6. 0.01% NacCl tracer travel time determination
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Originally described by Aris (1958), time moment analysis is a statistical
technique for characterizing breakthrough curves without bias towards a specific
transport model (Skopp, 1985; Lennartz and Kamra, 1998). In time moment
analysis, hydrodynamic properties of the system are investigated using time
moments calculated from BTCs. The zeroth time moment of a BTC is a measure
of the tracer mass recovered from the system; the first time moment is a measure
of the average travel time through the system; and the second time moment is a
measure of the variance about the mean travel time (Brooks and Wise, 2005). For
the purposes of this study, the zeroth and first moments of the collected
conservative tracer breakthrough curves were determined. First, equation [3.2]
was used to estimate the area underneath each breakthrough curve (Englert et al.,

2009)
to(t) = jC(L,t)*dt [3.2]

where t, is a measure of the area underneath each breakthrough curve up to time
(t) (min) and C(L, t) (M L") is the tracer concentration in the effluent collected at
time (t) from the column (L) as measured spectrophotometrically.

Once the area beneath the tracer breakthrough curves is determined, it is
possible to apply an accumulated mass concept (Harvey and Gorelick, 1995),
which is an integrated measure of mass flux over time at an initial location. Using
this approach, the accumulated mass which has exited the column within a
sampling interval can be calculated by taking the product of the zeroth temporal
moment beneath the breakthrough curve and the applied volumetric flow rate of

the pore solution within the column (Englert et al., 2009), creating equation [3.3]
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Mo(L, 1) = 'tfq*C(L,t)*dt [3.3]

where M, (M L) equals the total mass flux per pore area of bacteria eluted from
the column (L) up to time t, q refers to the volumetric flow rate (L* L?t™) of the
flow solution within the column, and C(L, t) (M L") is the concentration of
conservative tracer in the effluent collected at time (t) from the column (L) as
measured spectrophotometrically. Equation [3.3] was used to calculate the mass
recovery percentage of 0.01% NaCl from the 5 and 10 cm columns.

Finally, to calculate the mean residence time (Berglund and Cvetkovic,
1998) of the conservative tracer in the 5 and 10 cm columns, the first moment is

calculated using equation [3.4]

E[t] :Tt*q*C(L,t)*dt [3.4]

M (L)

where Mt (M L) equals the total mass per pore area of bacteria eluted from the
column (L) over all sampling intervals, q refers to the volumetric flow rate (L* L™
t™) of the flow solution within the column, C(L, t) (M L) is the concentration of
conservative tracer in the effluent collected at time (t) from the column (L) as
measured spectrophotometrically, and E[t] is the mean residence time (t) of the
conservative tracer in the columns.

Using the first temporal moment, a mean residence time of 19.10 (0.4)
minutes and 33.52 (0.6) minutes was calculated for the 5 and 10 cm columns,

respectively.
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To further characterize the conservative pulse, we can estimate the
convective velocity of the 0.01% NaCl through the 5 and 10 cm columns using
equation [3.5]

0

where V (L t7) is equal to the estimated velocity of the conservative pulse through
the column, q is the applied volumetric flow rate (L>L?t?), and 6 is the
volumetric water content (L>L™). Given the estimated convection velocity of the
0.01% NaCl pulse, the estimated travel time can be calculated using equation
[3.6]

t = x*0 [3.6]

where t is equal to the estimated travel time of the conservative pulse through the
column (t), x is the length of the column (L), 6 is the volumetric water content (L
L%, and q is the applied volumetric flow rate (L Lt"). Equation [3.6] simplifies
to equation [3.7]

t = pore volume [3.7]
q

where t is equal to the estimated travel time of the conservative pulse through the
column (t), pore volume is the volume of liquid-filled porous space in a packed
column conducting water (L L) per area, and q is the applied volumetric flow
rate (L3 L2 th).

When piston flow is considered, it is assumed that mean solute
breakthrough will occur approximately 1.5 pore volumes following the pulse

input (considering the 1 pore volume solute pulse input used in these assays).
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When this consideration is applied to the results from equation [3.7], then the
estimated mean travel times of the 0.01% NaCl conservative tracers through the 5
and 10 cm columns would be 15.24 and 30.84 minutes, respectively.

When the measured mean solute travel times from equation [3.4] are used
to calculate the number of pore volumes required (equation [3.7]) for mean
conservative tracer breakthrough seen in the column assays, pore volumes of 1.87
(0.05) and 1.62 (0.04) were required for the 5 and 10 cm columns, respectively.
These values are slightly higher than the 1.5 pore volumes expected in both cases.
Reasons for this could be retardation of the tracer, errors in calculating the first
time moments of the conservative tracer breakthrough curves, errors in estimating
porosity (which assumes a particle density of 2.65 g cm™), and the extra distance
the tracer must travel through the tubing and core end caps.

The basis behind characterizing the transport of the conservative tracer
pulses and comparing with estimated values is to ensure that column packing was
consistent and there is no by-passing of pore space. The low standard deviations
from the measured mean solute travel times and measured pore volumes for both
column lengths, along with the relatively small differences observed between
expected mean solute breakthrough pore volumes and measured values indicates
columns were consistently packed and preferential flow is unlikely.
3.2.3.7. Bacterial mass flux determination

Similar to the conservative tracer characterization, determining the mass
flux of the culturable and VBNC cells through the 5 and 10 cm columns began by

determining the zeroth temporal moment for the respective breakthrough curves
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using equation [3.2]. Once the area beneath the tracer breakthrough curves was
determined, the accumulated mass concept (Harvey and Gorelick, 1995) could be
applied using equation [3.3] to determine cumulative mass flux and percent
recovery of bacteria from 5 and 10 cm columns.

These equations ([3.2], [3.3]) were used to quantify and compare
culturable and VBNC E.coli O157:H7 mass transport under varying conditions
through a direct numerical integration technique (Brooks and Wise, 2005) using
the trapezoidal rule by interpreting the area underneath each breakthrough curve,
within specific sampling time intervals. The first temporal moment, or mean
residence time, of the bacterial pulses was not determined because of the tailing
seen in the BTCs. This tailing acts to skew the mean travel times making them an
ineffective representation of the actual travel time of the primary VBNC and
culturable E.coli O157:H7 breakthrough pulses.

Once the cumulative mass flux data was determined (equation [3.3]) for
each cell type using the various sand-column combinations, the results were
plotted against time. Next, this data was transformed by taking the natural
logarithm of each set of data points using SigmaPlot v.11 (Systat Software, Inc.,
San Jose, CA, USA). Using this software program, curves were fit to each set of
data and 95% confidence and prediction bands applied to the fitted curves using
the standard errors of the fitted function parameters. The SigmaPlot v.11 software
program defines confidence bands as the region of uncertainties in the predicted
values over a range of values for the independent variable, while prediction band

refers to the region of uncertainties in predicting the response for a single
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additional observation at each point within a range of independent variable values
Using these fitted curves and bands, it was possible to compare the transport of
VBNC and culturable E.coli O157:H7 cells through a common sand type and
column length and say, with 95% confidence, whether or not the cumulative mass
flux of the cells is different by looking for overlapping confidence and prediction
band intervals. Additionally, if differences were suspected, linear portions of the
raw data curves were fitted and slopes compared to determine variations in
proportional mean mass accumulation.
3.2.4. Statistical Analysis

Student’s T-tests and Multi-factor ANOVA were used to elucidate any
statistically significant differences between masses of bacteria transported through
5 cm and 10 cm columns, respectively. These statistical analyses were conducted
using R statistical software (R Development Core Team; Vienna, Austria) and
differences were considered significant at p<0.05. Standard errors, adjusted R?
values, and slope parameters of cumulative mass flux fitted curves were
determined using SigmaPlot (Systat Software, Inc., San Jose, CA, USA).
Significance of slopes (p<0.05) was determined using Student’s T-tests in
SigmaPlot.
3.3.  Results
3.3.1. 5cm columns

Initially, the transport of VBNC and culturable E.coli O157:H7 cells
through acid-washed sand packed in 5 cm columns was measured. These

preliminary transport assays were completed in order to ensure that bacterial
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breakthrough was occurring under the applied conditions as well as to validate the
sensitivity of our detection method used to measure the concentration of bacteria
cells in an effluent sample. The average breakthrough curves for each tracer
applied to the 5 cm column—VBNC E.coli O157:H7 cells, culturable E.coli
0157:H7 cells, and a conservative NaCl tracer are given in Figure 3-1. The
breakthrough curves are depicted as the concentration of tracer (bacterial or
conservative) in the effluent sample in relation to the original input concentration
(CIC,) as a function of time. The NaCl tracer curve was included as a visual aid
to estimate and compare the travel times and mass transport capabilities of the
bacterial tracers with a known conservative tracer. Since the concentration of the
0.01% NaCl tracer was less than the 0.85% NaCl flow solution, it was necessary
to represent the points of the tracer breakthrough curves as (1-C/C,).

All three breakthrough curves exhibit a slight log normal distribution
shape indicated by the shorter time period to go from baseline concentration to
peak concentration than from peak concentration back to baseline concentration.
Both the VBNC and culturable E.coli O157:H7 breakthrough curves begin to
emerge in the effluent earlier, at the 3 to 4 minute mark, versus the conservative
tracer which first emerges at the 9 minute mark. This was likely due to
background detection error using the spectrophotometer while detecting cells at
early sampling times. Following initial detection, the concentration of the
conservative tracer in the effluent increases more quickly and to a greater
maximum than both states of E.coli O157:H7. The maximum C/C, reached by

the NaCl tracer is 0.85 at a time of 18 min while the maximum reached by both
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the VBNC and culturable cells is 0.19 at a time of 17 min. The conservative
tracer then took longer to decrease to baseline levels than the bacterial tracers.
When exploring the breakthrough curves of the VBNC and culturable E.coli
0157:H7 cells, they do not appear to be considerably different. Overall, the
transport of the culturable and VBNC cells through the column was similar with
both initially appearing in the effluent at a similar time point, both peaked at
approximately the same time and at the same concentration, and both decreased to
nearly baseline levels in the tail-end of their respective curves. One noticeable
difference, however, occurs during the decrease to baseline levels where the
concentration of VBNC E.coli O157:H7 cells in effluent samples decreases at a

greater rate than their culturable counterparts.

0.4 - — 1.0
— 08
— 03 A
D
D .
5] DO
8 g
= — 06 i
< —
@ 02 - 2
o o YENC =
8 ¥ Culturable B —
= % 0.01% NaCl 0.4 S
O ==
8 O
01 -
— 0.2
00 - - 0.0
T T T T T T T
0 10 20 30 40 50 60
Time (min)

Figure 3-1. Observed breakthrough data for culturable and VBNC E.coli
O157:H7 cells, as well as a conservative 0.01% NaCl tracer, using washed sand in
a5 cm column. The left y-axis is used to gauge bacteria breakthrough while the
right y-axis is used to gauge conservative tracer breakthrough.
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Using Equation [3.3], it was possible to determine the mean accumulated
mass recovery of the VBNC and culturable E.coli O157:H7 tracers from the 5 cm
column data (Table 3-1). It was decided to determine the mass recovery in
sampling intervals based on the estimated mean travel time of the 0.01% NaCl
tracer, which was found to be 15.24 min using equation [3.7]. Therefore, the
sampling intervals were set to be approximately 1x the mean travel time of the
conservative tracer (0-16 min), 2x the mean travel time of the conservative tracer
(0-32 min), 3x the mean travel time of the conservative tracer (0-48 min), and the
entire length of time column effluent was sampled (0-60 min). For the initial
sampling period of 0-16 min, the VBNC E.coli O157:H7 cells had a slightly
greater mean mass flux of 1.34 M L compared with a mean mass flux of 1.12 M
L™ for the culturable E.coli 0157:H7 cells. In the following sampling interval (0-
32 min), these mean mass fluxes increased to 2.13 M L and 2.11 M L for the
VBNC and culturable E.coli O157:H7 cells, respectively. The third sampling
interval (0-48 min) showed a change with culturable cells showing a slightly
higher mass recovery than VBNC cells, 2.33 M L versus 2.29 M L?,
respectively. The final sampling interval (0-60 min) continued this observation
with the mean mass flux of the culturable cells slightly exceeding that of the
VBNC cells with values of 2.46 M L and 2.43 M L, respectively. In all cases,
it was determined that the mean mass flux of VBNC and culturable E.coli
0157:H7 through the 5 cm column were not statistically (p<0.05) different.

Examining the ratio of cell mass input versus mass output detected, VBNC

E.coli O157:H7 cells showed a total mass recovery of 26.9 % while the culturable
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cells exhibited a total mass recovery of 27.0 % (Table 3-1). These values were
found to be not significantly different (p<0.05). In comparison, the 0.01% NaCl
conservative tracer had a total mass recovery of 96.7 % with a standard deviation
of 1.6 %, slightly less than the expected 100% recovery.

Table 3-1. Mass recoveries for VBNC and culturable E.coli O157:H7 cells using
washed sand in 5 cm columns (standard deviations are in parentheses)

Mass Recovery (M L)
Sampling Interval VBNC E.coli O157:H7 Culturable E.coli

(min) 0157:H7
0-16 1.34 (0.17) a 1.12 (0.14) a
0-32 2.13(0.12) a 2.11(0.29) a
0-48 2.29 (0.17) a 2.33(0.25) a
0-60 2.43(0.21) a 2.46 (0.35) a

Total Mass Recovery 26.9 (2.4) a 27.0(3.7) a
(%)

**Within each sampling interval, values with the same letter are not considered
significantly different (p<0.05)

3.3.2. 10 cm columns

Transport assays through washed and unwashed sand were then completed
for both culturable and VBNC E.coli O157:H7 cells using 10cm columns. Trials
involving washed sand and unwashed sand were replicated five and two times,
respectively, for both E.coli O157:H7 cell states. The 0.01% NaCl and E.coli
0157:H7 breakthrough data were expressed in terms of the relative concentration.
The average breakthrough curves are depicted in Figure 3-2 (washed sand) and 3-
3 (unwashed sand).

From Figure 3-2, the shape of the conservative tracer curve appears
symmetrical which differs from the 0.01% NaCl curve found using the 5 cm
column (Figure 3-1) which demonstrated a slight log normal distribution;

however, the maximum concentration of 0.95 using the longer column exceeds
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what was reached using the shorter column. The maximum concentration was
reached at 34 to 36 minutes which is approximately double the 18 minutes
required for the conservative tracer to reach its breakthrough curve peak using the
5 cm column.

Examination of the curve constructed using culturable cell passage
through washed sand displays a maximum concentration of 0.071 occurring at the
32" minute followed by a steep decline. The tail of the culturable-washed curve
remains at a concentration ranging from 0.006 to 0.03 following the initial
decrease from the primary breakthrough causing the appearance of a log normal
distribution. The VBNC E.coli O157:H7-washed sand curve displays a maximum
concentration of 0.082 which occurs at the 30™ minute. Similar to the culturable-
washed curve, the tail of this curve continues to show breakthrough of VBNC

cells ranging from 0.014 to 0.03 following the primary breakthrough.
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Figure 3-2. Observed breakthrough data for culturable and VBNC E.coli
O157:H7 cells, as well as a conservative 0.01% NaCl tracer, using washed sand in
a 10 cm column. The left y-axis is used to gauge bacteria breakthrough while the
right y-axis is used to gauge conservative tracer breakthrough.

The average breakthrough curves derived from VBNC or culturable cell
transport through unwashed sand exhibited breakthrough peaks which appear to
occur concurrently with the conservative tracer (Figure 3-3). The breakthrough
curve of culturable E.coli O157:H7 cells show a maximum breakthrough
concentration of 0.025 occurring at a time of 32 minutes. The curve also displays
an asymmetrical shape depicted by a gradual increase to the peak followed by a
rapid decrease to baseline levels where the concentration readings fluctuate

slightly for the remaining sampling times. The curve which represents the

transport of VBNC E.coli O157:H7 cells through the 10 cm column packed with
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unwashed sand has a primary peak of 0.033 which occurs at 26 to 30 minutes
followed by second peak of 0.34 which occurs at the 38" minute. The overall
shape of the curve is more normally distributed than the unwashed-culturable
breakthrough curve. The tail of the culturable curve developed using unwashed
sand appears to stay near the baseline following the primary breakthrough pulse;
however, the VBNC curve shows frequent spikes above baseline levels between
the 40" and 80™ minutes. Interestingly, the unwashed VBNC E.coli 0157:H7
breakthrough curve exhibits a large spike in the tail section at the 88" minute

which was observed in both replicates.
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Figure 3-3. Observed breakthrough data for culturable and VBNC E.coli
0157:H7 cells, as well as a conservative 0.01% NaCl tracer, using unwashed sand
ina 10 cm column. The left y-axis is used to gauge bacteria breakthrough while
the right y-axis is used to gauge conservative tracer breakthrough.
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Overall, comparing Figures 3-2 and 3-3, the mass accumulation of VBNC
and culturable E.coli O157:H7 cells in the effluent of columns packed with
unwashed sand appears to be less than what is seen in columns packed with
washed sand. This is suggested by the visibly smaller area beneath the individual
unwashed sand breakthrough curves. However, observed breakthrough peaks
appeared to occur at approximately the same time regardless of the sand type or
the physiological state of the bacteria.

The mean accumulated mass in column effluents was also determined for
the bacterial tracers transported through 10 cm columns packed with washed or
unwashed sand (Table 3-2). Employing Multi-Factor ANOVA, it was determined
that for all sampling intervals except 0-16 minutes, there was significantly
(p<0.05) greater mass transport of either VBNC or culturable E.coli O157:H7
cells through washed sand when compared with the mass transport of culturable
cells through unwashed sand. Though this finding was the only one deemed
significant (Table 3-3), there were trends which seemed to develop. The most
prominent one being consistently high levels of VBNC E.coli O157:H7 cell mass
transport through a sand type, regardless of sampling interval, compared to
culturable cells. In general, the data showed VBNC E.coli O157:H7 transport
through washed sand to produce the greatest mass in the effluent, followed by
culturable E.coli O157:H7 transport through washed sand, then VBNC E.coli
0157:H7 transport through unwashed sand; finally, culturable VBNC E.coli
0157:H7 transport through unwashed sand consistently demonstrated the least

mass flux across all sampling intervals. This trend was apparent for all sampling
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intervals except 0-16 min where there was greater mass flux of VBNC cells
through unwashed sand than culturable cells through washed sand.

The greater relative concentrations seen in the tails of the washed sand
BTC’s (Figure 3-2) than in the unwashed sand BTC’s (Figure 3-3) are also
substantiated in Table 3-2. As an example, these “fatter” tails are apparent when
the 0-48 min sampling interval for the two sand types is compared with their
respective 0-108 min sampling interval. It can be seen that there is an overall
greater mass flux of cells from 48 to 108 min for cells transported through washed
sand, regardless of cell type, than through unwashed sand. The washed sand data
showed that VBNC E.coli O157:H7 cells had greater mass flux through the 48-
108 min period, a total of 1.12 M L or 41% of the total effluent mass versus 0.63
M L or 31% of the total culturable E.coli O157:H7 mass transported for the same
time period. Through the unwashed sand, the VBNC cells had 0.53 M L or 37%
of their mean cumulative mass breakthrough during the 48 min to 108 min
interval compared with 0.16 M L or 33% of the mean cumulative mass for the
culturable cells during the same time period. This cumulative mass flux data, in
addition to demonstrating that cells have greater transport potential through
washed sand, reveals that there is greater mass transport of VBNC cells during the
48 min to 108 min period than culturable cells, regardless of sand type.

The results also exposed that the variability in the transport of VBNC cells
through the 10 cm columns, regardless of sand type or sampling interval, is
greater than what was found for culturable E.coli O157:H7 cells as indicated by

the consistently greater standard deviations.
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When the total mass recovery of bacterial cells was compared against the
total pulse mass inputs, VBNC E.coli O157:H7 cells showed a total mass
recovery of 17.1 % and 9.2 % through washed and unwashed sand, respectively.
Culturable E.coli O157:H7 cells exhibited a total mass recovery of 12.8 % and 3.1
%, through washed and unwashed sand, respectively (Table 3-2). The percent
recovery of VBNC and culturable cells from columns packed with washed sand
was found to be significantly greater (p<0.05) than the recovery of culturable cells
from columns packed with unwashed sand. From the 10 cm column experiments,
the 0.01% NacCl tracer exhibited a mean percent recovery of 98.1 % with a
standard deviation of 2.3 %. This mean percent was slightly higher than what was
seen in the 5 cm column assays, and very near the 100 % recovery theoretically-

assumed for a conservative tracer.
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Table 3-2. Mass recoveries for VBNC and culturable E.coli O157:H7 cells using

unwashed and washed sand in 10 cm columns (standard deviations are in

parentheses)
Mass Recovery (M L)
Sampling Sand Type VBNC E.coli Culturable E.coli
Interval (min) 0157:H7 0157:H7

0-16 Unwashed 0.27 (0.32) a 0.04 (0.02) a
Washed 0.30 (0.15) a 0.23 (0.08) a

0-32 Unwashed 0.66 (0.56) a,b 0.23(0.04) b
Washed 1.10(0.14) a 0.92 (0.08) a

0-48 Unwashed 0.92 (0.69) a,b 0.33(0.13) b
Washed 1.61 (0.25) a 1.40 (0.18) a

0-64 Unwashed 1.10(0.81) a,b 0.38 (0.19) b
Washed 1.93(0.33) a 1.59 (0.26) a

0-80 Unwashed 1.23(0.90) a,b 0.43(0.18) b
Washed 2.20 (0.45) a 1.76 (0.31) a

0-96 Unwashed 1.44 (0.85) a,b 0.46 (0.22) b
Washed 2.47 (0.60) a 1.91(0.32) a

0-108 Unwashed 1.45 (0.83) a,b 0.49 (0.22) b
Washed 2.73 (0.68) a 2.03(0.39) a

Total Mass Unwashed 9.2(5.3)ab 3.1(14)b

Recovery (%) Washed 17.1 (4.6) a 12.8(2.3)a

**Within each sampling interval, values with the same letter are not considered
significantly different (p<0.05)
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Table 3-3. Tukey comparisons and P-values for all treatment interactions in 10
cm column transport assays.

Sampling Interval Tukey Comparisons P-value
(min)

Washed-Culturable:Unwashed-Culturable 0.443

Unwashed-VBNC: Unwashed-Culturable 0.452

0-16 Washed-VBNC: Unwashed-Culturable 0.226
Unwashed-VBNC: Washed-Culturable 0.992
Washed-VBNC: Washed-Culturable 0.901

Washed-VBNC: Unwashed-VBNC 0.995

Washed-Culturable:Unwashed-Culturable 0.011

Unwashed-VBNC: Unwashed-Culturable 0.220

0-32 Washed-VBNC: Unwashed-Culturable 0.002
Unwashed-VBNC: Washed-Culturable 0.476
Washed-VBNC: Washed-Culturable 0.509

Washed-VBNC: Unwashed-VBNC 0.107

Washed-Culturable:Unwashed-Culturable 0.007

Unwashed-VBNC: Unwashed-Culturable 0.266

0-48 Washed-VBNC: Unwashed-Culturable 0.002
Unwashed-VBNC: Washed-Culturable 0.275
Washed-VBNC: Washed-Culturable 0.683

Washed-VBNC: Unwashed-VBNC 0.077

Washed-Culturable:Unwashed-Culturable 0.014

Unwashed-VBNC: Unwashed-Culturable 0.275

0-64 Washed-VBNC: Unwashed-Culturable 0.003
Unwashed-VBNC: Washed-Culturable 0.434
Washed-VBNC: Washed-Culturable 0.508

Washed-VBNC: Unwashed-VBNC 0.094

Washed-Culturable:Unwashed-Culturable 0.024

Unwashed-VBNC: Unwashed-Culturable 0.3458

0-80 Washed-VBNC: Unwashed-Culturable 0.004
Unwashed-VBNC: Washed-Culturable 0.519
Washed-VBNC: Washed-Culturable 0.452

Washed-VBNC: Unwashed-VBNC 0.107

Washed-Culturable:Unwashed-Culturable 0.029

Unwashed-VBNC: Unwashed-Culturable 0.281

0-96 Washed-VBNC: Unwashed-Culturable 0.004
Unwashed-VBNC: Washed-Culturable 0.696
Washed-VBNC: Washed-Culturable 0.369

Washed-VBNC: Unwashed-VBNC 0.141

Washed-Culturable:Unwashed-Culturable 0.036

Unwashed-VBNC: Unwashed-Culturable 0.370

0-108 Washed-VBNC: Unwashed-Culturable 0.004
Unwashed-VBNC: Washed-Culturable 0.629
Washed-VBNC: Washed-Culturable 0.275
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Washed-VBNC: Unwashed-VBNC 0.091

Washed-Culturable:Unwashed-Culturable 0.043

Unwashed-VBNC: Unwashed-Culturable 0.400

Total Mass Washed-VBNC: Unwashed-Culturable 0.005
Recovery (%0) Unwashed-VBNC: Washed-Culturable 0.647
Washed-VBNC: Washed-Culturable 0.317

Washed-VBNC: Unwashed-VBNC 0.108

When the natural logarithm of the mean cumulative mass flux data was
plotted against time for VBNC and culturable cells transported through 5 cm
columns packed with washed sand (Figure 3-4) it can be seen that there is an
apparent overlap between the two curves, particularly during later sampling times.
This is in accordance with what was seen in Figure 3-1 and Table 3-1. When the
curves were fitted to an exponential function and 95% confidence and prediction
bands applied to the fitted curves, it is apparent there is overlap of the bands.
From Table 3-4, the fitted VBNC and culturable curves both had adjusted R*-
values of 0.99. The calculated exponential equation coefficients and coefficient

standard errors are represented in Table 3-4.

84



® Culturable

O VBNC

—— Fitted Curves

—— 95% Confidence Band-Culturable

-6 - —— 95% Prediction Band-Culturable
95% Confidence Band-VBNC

— 95% Prediction Band-VBNC

Log (M(t))

'8 T T T
0 20 40 60

Time (min)
Figure 3-4. Log cumulative mass flux data and fitted exponential curves for
culturable and VBNC E.coli O157:H7 cells using washed sand in a 5 cm column.
Fitted curves are flanked by 95% confidence bands and 95% prediction bands.
Based on equation f=y0+a*(1-exp(-b*x)).

From Figure 3-5, both the VBNC and culturable log data curves exhibit
characteristics of an exponential rise to maximum function with the VBNC data
appearing to have a greater mean mass accumulation throughout all sampling
times. This is in agreement with the findings from Table 3-2. However, similar to
what was apparent from Figure 3-4, when culturable and VBNC cells were passed
through the 10 cm columns packed with washed sand, it is visible that there is
high overlap of the fitted curve confidence and prediction bands. The fitted curve

adjusted R2-values, calculated exponential equation coefficients, and coefficient

standard errors are represented in Table 3-4.
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Figure 3-5. Log cumulative mass flux data and fitted exponential curves for
culturable and VBNC E.coli O157:H7 cells using washed sand in a 10 cm
column. Fitted curves are flanked by 95% confidence bands and 95% prediction
bands. Based on equation f=y0+a*(1-exp(-b*x)).

The final set of mean log cumulative mass flux data (Figure 3-6) displays
the transport of VBNC and culturable E.coli O157:H7 cells through 10 cm
columns packed with unwashed sand. Similar to Figures 3-4 and 3-5, both log
data curves exhibit an exponential rise to maximum shape. However, for this
assay configuration, the raw data curves show VBNC mean cumulative mass flux
as being greater than culturable mean mass flux throughout all sampling times.
When curves are fitted to each set of data and confidence and prediction bands

applied, there is no overlap of either band type. The fitted curve adjusted R?-

values were found to be 0.98 and 0.99 for the culturable and VBNC data,
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respectively. The calculated exponential equation coefficients and coefficient

standard errors are represented in Table 3-4.
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Figure 3-6. Log cumulative mass flux data and fitted exponential curves for
culturable and VBNC E.coli O157:H7 cells using unwashed sand in a 10 cm
column. Fitted curves are flanked by 95% confidence bands and 95% prediction
bands. Based on equation f=y0+a*(1-exp(-b*x)).

87



Table 3-4. Parameters and adjusted R? -values from the non-linear regression of
log cumulative mass flux data for culturable and VBNC E.coli O157:H7 cells
used in the column transport assays based on the exponential rise to maximum
equation y=y,+a*(1-e™").

Parameters
(Iz_zlrl:gr?r? Sand Cell type Coefficients Coefficient Adjugted
(cm) Type Standard R
Error
a b a b
5 Washed | Culturable | 8.23 | 0.13 | 0.18 0.004 0.99

VBNC 582 [ 0.13] 0.5 | 0.005 0.99

10 Washed | Culturable | 4.18 | 0.05 0.07 0.002 0.99

VBNC 424 10.05| 0.07 | 0.001 0.99

10 Unwashed | Culturable | 4.64 | 0.05 0.12 0.002 0.98

VBNC 3.28 [ 0.04| 0.04 | 0.001 0.99

Applying linear regression to the linear portions (40-108 minutes) of the
mean log cumulative mass flux data sets displayed in Figure 3-6, we arrive at
Figure 3-7. From this figure it can be seen that the slope of the VBNC data is
slightly greater than the culturable data. This finding is verified when linear
curves are fit to the log transformed data. From Table 3-5, the adjusted R* and
slope values of the fitted curve for the culturable data are 0.94 and 0.0058,
respectively, and the adjusted R? and slope values for the VBNC data are 0.0082
and 0.97, respectively. These adjusted R?-values suggest a strong goodness of fit
between the measured culturable and VBNC data curves and their respective
fitted model curves. In terms of the slope parameter, the higher coefficient value
depicted by the VBNC fitted curve indicates a greater proportional increase in
mean mass accumulation of the non-culturable cells in column effluent in
comparison to culturable cells for the same sampling period. It was determined
that the slopes of these two lines are significantly different (p<0.05) using a

Student’s T-test. This finding is in agreement with what was seen in Table 3-2
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where the mean cumulative mass flux and percent recovery from the 48 min to

108 min sampling period was found to be greater for the VBNC trials compared

to the culturable trials.
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Figure 3-7. Log cumulative mass flux data and fitted linear curves for culturable
and VBNC E.coli O157:H7 cells using unwashed sand in a 10 cm column from

40 min to 108 min. Fitted curves are flanked by 95% confidence bands and 95%
prediction bands. Based on equation f = y0+a*x.
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Table 3-5. Slope parameters and adjusted R%-values from the linear regression of
log cumulative mass flux data of culturable and VBNC E.coli O157:H7 cells from
40 min to 108 min using 10 cm columns packed with unwashed sand based on the
linear polynomial equation y=y,+ax.

Column Parameters
Length | Sand Type | Celltype [ Sjope Slope Adjusted
(cm) Standard R?
Error
Culturable | 0.0058 a 0.0002 0.94
10 Unwashed
VBNC 0.0082 b 0.0002 0.97

** Values with the same letter are not considered significantly different (p<0.05)
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In this study, we used breakthrough curves, temporal moment analysis,
applied mass accumulation, and curve fitting to decipher transport differences
between culturable and VBNC E.coli O157:H7 cells through packed-sand
columns. From initial transport assays using 5 cm columns packed with washed
sand, it was observed that both VBNC and culturable cells transported similarly.
This conclusion was drawn through their similar breakthrough curves,
insignificantly different mass accumulation data regardless of sampling interval,
and overlapping confidence and prediction bands following curve-fitting.

Following these initial tests, we then utilized 10 cm columns to increase
the time and distance over which the VBNC or culturable cells were allowed to
interact with the solid substrate. In addition to increased column length, we
employed unwashed sand particles, still bearing naturally-adsorbed metal oxides,
along with the acid-washed clean sand, free of metal oxides, to determine any
potential differences between transport of VBNC and culturable E.coli O157:H7
cells in the 10 cm columns. It was after these changes were made that transport
discrepancies between VBNC and culturable cells became noticeable.
Breakthrough curves along with mass accumulation data acquired from the use of
10 cm columns displayed four observable trends: i) The total mass of VBNC
E.coli O157:H7 cells transported through the column generally exceeded that of
culturable cells, regardless of sampling interval or sand type, ii) Greater mass
transport was exhibited in columns packed with washed sand than unwashed sand,
regardless of cell type, iii) Greater “tailing” of breakthrough curves was exhibited

in columns using washed sand than unwashed sand, regardless of cell type, iv)
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Breakthrough peaks of primary bacterial breakthrough curves coincided with peak
breakthrough of conservative tracer breakthrough curves regardless of sand type
or column length.

In addition, non-linear curve fitting revealed consistently greater mass
accumulation of VBNC cells compared to culturable cells when utilizing 10 cm
columns packed with unwashed sand, regardless of sampling time, as well as zero
overlapping of confidence or prediction bands. Similarly, linear regression
showed columns packed with unwashed sand had significantly (p<0.05) greater
mean mass accumulation of VBNC cells than culturable cells in the effluent
during the later stages of the transport assays as indicated by the slopes of the
fitted curves. These regression studies strongly suggest that there is significantly
greater bacterial mass accumulation in unwashed sand column effluents when
bacterial pulses consist of VBNC cells versus culturable cells.

3.4.  Discussion
3.4.1. VBNC and culturable E.coli O157:H7 mass flux differences

The observation that VBNC E.coli O157:H7 cells had a generally greater
mass flux through 10 cm columns packed with washed sand as well as the
significantly greater mass transport of VBNC cells through unwashed sand
compared to culturable cells can possibly be explained by considering key
phenotypic differences between the cell types, as well as the porous medium
itself. It has been suggested that E.coli O157:H7 cells undergo significant
changes in certain morphological and phenotypical traits when induced into a

viable but non-culturable state. These changes have been shown to include a
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decrease in their relative hydrophobicity, an increase in tightly-bound surface
proteins and sugars, as well as miniaturization and shortening to a coccus-like
form, all in relation to their exponentially-growing, culturable form (See Table 2-
2). Transport and retention of particulates, such as bacterial cells, in the soil is
recognized as being a very complex physical and chemical phenomenon
dependent on the interaction of the various complex properties of soil, cells, and
suspending solutions. Four main factors which influence bacteria transport
through soil include (1) soil characteristics such as grain size and soil structure
which control the active porosity, (2) filtration/size exclusion due to micropores,
(3) straining within organic materials pads formed on soil surface, and (4)
retention of bacterial cells on soil mineral and organic particles by adsorption and
adhesion (Unc and Goss, 2004).

The observed differences in mass flux between the culturable and VBNC
E.coli O157:H7 cells could be a result of their miniaturization and transition from
a rod-shape to a coccoid-shape upon entry into a VBNC state. A decrease in size
and shift to a spherical shape could increase the potential for a microbial cell to
negotiate smaller pore spaces effectively decreasing the straining or filtration
capacity of a soil. Bolster et al. (2009) found increased bacterial recovery and
lower deposition rate to be correlated with smaller cell width when they utilized
sand-packed columns to elucidate transport differences between E.coli isolates.
Gannon et al. (1991) observed a significant relationship between cell length and
transport capabilities, with shorter cells having a higher transport percentage.

Cell shape has also been shown to influence bacterial transport through soil.
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Weiss et al. (1995), using 14 strains of bacteria, noted the preferential transport of
bacterial cells with a spherical shape through columns packed with clean quartz
sand. Though cell dimensions have been shown to affect their transport through
sand-packed columns, in our study, we do not consider cell size and shape to be
the only determining factor behind the observed differences in transport
characters of VBNC and culturable cells. The reasoning behind this is the particle
size distribution of sand utilized in our column assays. Xu et al. (2008) suggests
that when the ratio of the colloid diameter to the mean grain diameter is less than
approximately 0.008, straining will be insignificant. In our case, utilizing sand
particles with a size range of 250 to 500 um and considering the culturable and
VBNC cell sizes (See Table 2-2), it is possible subtle differences in physical
straining does exist, however, it is unlikely that straining was the major
contributing factor behind the observed retention patterns of the VBNC and
culturable cells.

The hydrophobicity of bacteria has also been previously reported as
having a strong influence on attachment and subsequently a strong impact on
retention and transport of bacteria through soil. Stenstrom (1989), for instance,
noted that Salmonella typhimurium attachment to quartz, albite, feldspar, and
magnetite was positively correlated with hydrophobicity. As well, Jacobs et al.
(2007), in a study examining 21 different bacterial isolates, determined that the
hydrophobic strains were better retained by the sand matrix than the hydrophilic
strains. In our previous study, we noted a significant decrease in the

hydrophobicity of E.coli O157:H7 cells when they enter a VBNC state.

93



Therefore, it is possible that hydrophobicity has played a role in the findings from
this study where we found the less hydrophilic culturable E.coli O157:H7 cells
had a lower mass flux than the more hydrophilic VBNC E.coli O157:H7 cells
through both sand types. This trend could be a result of the less hydrophilic
culturable cells being “expelled” from the bulk of water due to the strong tension
at the cell-water interface (water surface tension) leading to increased rates of
bacterial adsorption at the solid—-liquid interface (Unc and Goss, 2004). Van
Loosdrecht et al. (1987) hypothesized this phenomenon as being a defence
mechanism generated by the terrestrial, lacustrine, or near-shore microorganisms
to encourage spreading during times of stress, such as starvation. They postulated
that bacterial cells can decrease their hydrophobicity in order to detach from a
substrate in order to move to a new geographical position where, presumably,
adequate nutrition will exist. On the other hand, Kjelleberg and Hermansson
(1984) suggested that copiotrophic bacteria may increase their hydrophobic
character under starvation conditions in order to be relocated to the solid-liquid
interface in order to scavenge surface materials. Nevertheless, the difference in
hydrophobicity of the culturable and VBNC E.coli O157:H7 cells utilized in our
column assays may be considered as an influencing property determining the
transport properties of the cells through the sand-packed columns, particularly
through unwashed sand. The decrease in the VBNC cell hydrophobicty,
compared to their culturable counterparts, potentially could have allowed the
VBNC cells to better incorporate into the bulk flow solution and travel

predominantly down pore centre lines. This would prevent them from interacting
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with the positively-charged metal-oxide coated sand particles which would have
otherwise undoubtedly increased their retention in the columns.

The presence of proteins and sugars on the surfaces of bacterial cells has
also been examined in order to determine their importance in bacterial attachment
to solid surfaces. Lutterodt et al. (2009) determined that Ag43 expression, an
E.coli surface membrane protein, along with bacterial motility had a significant
effect on E.coli retention in clean quartz sand columns. In addition, Tsuneda et al.
(2003), using 27 heterotrophic bacterial strains isolated from a wastewater
treatment reactor, found that if the EPS amount is relatively small, cell adhesion
onto solid surfaces is inhibited by electrostatic interaction, and if it is relatively
large, cell adhesion is enhanced by polymeric interaction. In our previous study
(See Table 2-2.), we found that VBNC E.coli O157:H7 cells exhibit an increase in
cell surface sugars and proteins in relation to their culturable counterparts. In our
column assays, we did not see increased retention of VBNC cells compared to
culturable cells which suggests, in this case, that the increase in extracellular
polymeric substance composition did not enhance cellular retention. This
observation may have been due to size exclusion, where microbes tend to be
carried near pore centerlines and cannot enter slow flow zones next to pore walls
due to their large size (Buchan and Flury, 2008) effectively decreasing the ability
of the surface molecules to make contact and attach to solid substrate. The
interruption of DLVVO-AB interactions may have also played a role. The DLVO-
AB model describes the interactions of smooth particles with solid surfaces above

separation distances of 2 nm. According to this concept, cells adhere as they
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approach a surface close enough to be attracted and to be pulled into a sufficiently
deep energy minimum (Jucker et al., 1998). It has been postulated that surface
polymers hinder the cells to reach the energy minimum, since the approach to the
surface requires their compression (Rijnaarts et al., 1996; van Loosdrecht et al.,
1990; Jucker et al., 1998) resulting in steric hindrance.

Considering this previous work, it is possible that, along with being less
hydrophobic, that the increase in surface EPS expression has lead to the
significant differences seen when VBNC and culturable E.coli O157:H7 cells
were transported through columns packed with unwashed sand. The increase in
the quantity of structures protruding from the surfaces of the VBNC cells,
compared to the culturable cells, would thus require greater compression in order
for the negatively-charged cell surface to come close enough to enter a
sufficiently deep energy minimum with the positively-charged metal-oxide coated
sand particles. Bolster et al. (2009) also did not notice a significant correlation
between EPS production and bacterial retention in their study on the transport of
12 different E.coli isolates through washed sand.

Though previous literature supports our findings that a decrease in
hydrophobicity or cell size, a transition to a spherical shape, or an increase in EPS
can increase a microbes ability to transport through aquifer-like material, we
cannot say that one or more of these were the definitive property(s) that led to our
observed trends. There is the possibility that other cell or soil properties not
tested for were the cause of the increased relative mass transport of VBNC E.coli

0O157:H7 cells in comparison to their culturable counterparts. What can be said is
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that there does appear to be difference in the transport properties of VBNC and
culturable E.coli O157:H7 cells through the washed or unwashed sand utilized in
our laboratory assays.
3.4.2. VBNC and culturable E.coli O157:H7 mass flux through washed and

unwashed sand

When using 10 cm columns, it became apparent from the breakthrough
curve and mass accumulation data that the E.coli O157:H7 cells, regardless of
reproductive state, were able to transport more efficiently through columns
packed with acid-washed sand than through unwashed sand. At pH levels
normally found in the environment, most natural surfaces, including clean quartz
sand and bacteria, are negatively charged. As a result of these negative charges,
repulsion between clean quartz sand and bacteria would be expected due to their
associated double layers of counterions (Richardson et al., 2000). By washing the
sand in acid, we were effectively able to remove any metal-oxide coatings that
were associated with the surfaces of the natural quartz particles. This is
significant because metal oxide coatings provide a positively-charged surface that
can significantly increase bacterial deposition at the mineral surface (Ryan et al.,
1999).

As a result, one would expect greater retention of negatively-charged
E.coli cells on the surfaces of metal-oxide coated sand particles, due to attractive
forces conferred by the oppositely-charged bacteria and aquifer material, than on
acid-washed sand surfaces where electrostatic repulsion between the like-charged

bacteria and sand would hinder retention and deposition. This outcome was seen
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by Bolster et al. (2006) whom demonstrated lower relative recoveries of both
E.coli O157:H7 and Campylobacter jejuni cells when transported through
columns packed with Fe- or Al-coated sand particles than in columns packed with
uncoated sand. Scholl et al. (1990) showed that the degree of attachment of cells
to mineral surfaces was correlated with the sign and magnitude of the charge at
the solid-liquid interface. Specifically, they showed that attachment of a
negatively-charged Arthrobacter sp. of bacteria was much greater to the
positively-charged surfaces of limestone, Fe-hydroxide coated quartz, and Fe-
hydroxide coated muscovite than to the negatively-charged surfaces of clean
quartz and clean muscovite. Similarly, Shani et al. (2008) used negatively-
charged fluorescent microspheres to show that colloid retention was much higher
in natural sand than in its acid-washed counterparts Taking an alternate
approach, Sharma et al. (1985) showed that by chemically-increasing the negative
charge on the surface of B.subtilis and P.flourescens cells using heparin,
lignosulfate, polyacrylic acid, and sodium pyrophosphate they were able to
increase their transportability through sand packs.

Our breakthrough curve and mass accumulation data, which show greater
recovery of negatively-charged VBNC and culturable E.coli O157:H7 cells from
acid-washed sand than unwashed sand, are likely a result of electrostatic forces
that take place at the bacteria surface-mineral surface. These forces will
positively influence deposition onto metal-oxide coated unwashed sand and
hinder deposition onto clean, negatively-charged washed sand.

3.4.3. “Tailing” of breakthrough curves in washed sand
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More pronounced tailing was found to occur when culturable or VBNC
E.coli O157:H7 cells were transported through 10 cm columns packed with acid-
washed sand, than through unwashed sand. In columns packed with unwashed
sand, it is likely that the electrostatic attraction between the oppositely-charged
sand and E.coli cells is causing their strong retention; therefore, following a
primary breakthrough, the adsorbed cells are able to better withstand the drag
forces applied by the moving flow solution and remain bound to the solid
substrate. It is important to note, however, that the breakthrough curves of VBNC
or culturable E.coli O157:H7 cells through unwashed sand were not completely
free of tailing, particularly for the VBNC cells. The tailing that was demonstrated
indicates that even despite the attractive forces between the cells and the
unwashed quartz, their likely was reversible adsorption and cell aggregate release
from pores occurring.

In the washed-sand columns it is likely cell aggregation in narrow pore-
passages and subsequent cell release at a time following the primary breakthrough
which is leading to the breakthrough tailing seen in the VBNC and culturable
curves. Fontes et al. (1991) noticed tailing in breakthrough curves constructed
following transport of sediment bacteria through columns packed with acid-
washed quartz sand. They attributed their findings to desorption of cells from
mineral surfaces or deflocculation of aggregated cells in pore throats too narrow
to prevent the flow of amassed cells. In our case, considering the negative charge
on the surface of the clean quartz particles as well as on the surface of the VBNC

and culturable E.coli O157:H7 cells, it is unlikely the tailing is a result of
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reversible adsorption. Instead, we postulate that cells become trapped in small
pores and are released over a period of time due to shear forces from the flowing
solution through the pore space resulting in relative cell concentrations greater
than zero following the primary breakthrough. In a study done by Wollum and
Cassel (1977) describing the transport of a Streptomyces sp. through sterile sand
they describe considerable tailing nearly 3 pore volumes following a primary
breakthrough peak. They hypothesized that the tailing was a result of cells
becoming trapped in narrow pores and subsequently releasing over time into
water flowing through the porous medium. The ionic strength of the flow
solution has been implicated in facilitating pore clogging. Fontes et al. (1991)
suggested that higher ionic strength solutions can enhance the aggregation of
bacterial cells, leading to increased pore clogging and, therefore, decreased
recovery. In our columns we utilized 0.85% NaCl as a flow solution, therefore it
is possible that the positively-charged sodium molecules were able to compress
the diffuse-double layers of the cells which facilitated their aggregation which
lead to pore clogging, regardless of sand type. The aggregated VBNC or
culturable E.coli O157:H7 cells in the unwashed sand were then better able to
resist the shear forces of the flowing solution due to attractive forces between the
cells and the metal oxide coated sand surfaces creating secondary or reversible
adhesion (van Loosdrecht et al., 1989), whereas cells in washed sand columns
were more susceptible to pore clogging and subsequent release due to repulsive

forces between clean sand and the negatively charged cellular surfaces.
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3.4.4. Bacterial breakthrough peaks coinciding with conservative tracer

breakthrough peaks

Upon examination of breakthrough curves developed from our transport
assays using columns of length 5 or 10 cm, it is apparent that the peak
breakthrough of E.coli O157:H7 cells, regardless of cell state or sand type,
coincide with the conservative tracer peak breakthrough. The ability of microbes
to travel as quickly or faster than the mean-pore water velocity has been attributed
to two differential flow effects (1) size exclusion which, as previously mentioned,
occurs when microbes tend to be carried near pore centerlines and due to their
relatively large size, cannot enter slow-moving zones alongside pore wall where
flow is slowed due to drag, and (2) detouring effects, where, due to their large
size, microbes are preferentially transported through larger pores, avoiding
smaller pores (Ginn et al., 2002; Unc and Goss, 2004; Buchan and Flury, 2008).
Thus, microbes, and other larger colloids, can experience the higher velocities
near pore centerlines, yielding an average velocity that is higher than that of a
dissolved tracer (Murphy and Ginn, 2000). These flow effects can ultimately lead
to microbial peak breakthrough occurring concurrently or even sooner than a
dissolved conservative tracer. The simultaneous breakthrough of microbial and
conservative tracers has been seen in previous studies. Bradford et al. (2002),
using latex fluorescent colloids, observed that bromide and colloidal breakthrough
occurred quite similarly for a given sand. Using long glass capillary tubes packed
with sand, Shonnard et al. (1994) showed suspensions of M.trichosporium OB3b

were detected in the effluents significantly earlier and in higher relative
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concentrations than the inert tracer utilized, phenol red. Under field conditions,
Harvey and George (1989) observed earlier breakthrough of stained groundwater
bacteria relative to bromide in a forced-gradient experiment which they later
attributed to size exclusion. Considering the previous work then, it is likely that
we are observing similar breakthrough of conservative and microbial tracers due
to the ability of the relatively large microbial colloids to take advantage of the
greater flow rate at the centre of pores as well as being able to bypass smaller
pores. Conservative tracer molecules, on the other hand, are often small enough
to advect or diffuse into smaller fine fractures connected to preferential flow
pathways, which overall contribute little to the bulk flow of the groundwater, and
can effectively hinder their transport velocity and peak breakthrough in
comparison with microbial tracers (Harvey, 1997).
3.5.  Conclusions

From the breakthrough curves, mass accumulation, and curve fitting data,
this study suggests that the transport properties of E.coli 0157:H7 cells change
when they transition into a VBNC state. Using 10 cm columns packed with acid-
washed or unwashed quartz sand, we were able to see that VBNC cells
consistently had greater mass accumulation in effluent sampling intervals,
regardless of sand type. In particular, the use of columns packed with unwashed
sand revealed significantly greater mean cumulative mass flux of VBNC cells
compared with culturable cells. These findings may possibly be attributed to
changes in morphological and surface characteristics of E.coli O157:H7 cells

when they enter into a VBNC state, including decreased hydrophobicity,
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increased surface sugar and protein expression, as well as smaller, more spherical
cell shapes. We also noticed greater mass transport through 10 cm columns
packed with acid-washed sand than unwashed sand, regardless of cell type, which
was attributed to greater bacterial adsorption to metal-oxide coated sand particles
found in unwashed sand columns. Greater “tailing” of BTC’s was observed
through columns of washed sand which was attributed to cells aggregating in
narrow pores and subsequently releasing over time, while “tailing” in unwashed
sand columns was attributed to reversible adhesion along with pore clogging and
subsequent release. Finally, the concurrent breakthrough of conservative and
microbial tracers was determined to be a result of size exclusion. Overall, from
the results, it can be determined that bacterial transport through porous media is a
truly dynamic process which will vary according to bacterial traits, the
composition of the flow solution, the characteristics of the soil, as well as the
population structure of VBNC and culturable cells. Future work will be needed to
further explore the transport of VBNC bacteria through soil to further elucidate
the effects that various soil forms and flow solutions will have on their mass
transport and velocity. Overall, our research has shown that there exist potential
differences in the transport of VBNC and culturable E.coli O157:H7 cells through
porous media. This finding will be important when considering contamination of
aquifer-like materials as well as opening dialogue into whether or not currently-
used culture-based protocols are reliable enough to accurately determine
contamination sources and pathways.
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4, Summary

The viable but non-culturable state of bacteria has been described as a
physiological response by the cell to an imposed external stress causing them to
lose the ability to form cultures on standard bacteriological media. Cells in the
VBNC state typically demonstrate very low levels of metabolic activity, but upon
resuscitation are again culturable (Oliver, 2005). Bacterial cells induced into a
VBNC state have been shown to undergo morphological and phenotypical
changes (Catenrich and Makin, 1991; Jiang and Chai, 1996; Signoretto et al.,
2002). Pathogenic E.coli O157:H7, responsible for numerous groundwater-borne
disease outbreaks (e.g. O’Connor, 2002) is one such species capable of entering a
VBNC state (Rigsbee et al., 1997). This is of considerable significance to public
health as the most widely-used and economical enumeration techniques for
determining E.coli O157:H7 contamination in the environment identifies only
culturable bacterial cells; therefore, it is possible that they are considerably
underestimating actual bacterial populations (Jamieson et al., 2002).

This research explores whether the transport characteristics of VBNC
E.coli O157:H7 cells in a groundwater system differ from those of culturable
E.coli O157:H7 cells. The results will help determine if culturable E.coli
0157:H7-based risk assessment indicators are accurate in qualitatively describing
VBNC E.coli O157:H7 transport and contamination.

A new procedure was developed for inducing E.coli O157:H7 cells into a
VBNC state. To provoke E.coli O157:H7 to become viable but non-culturable,

cells were incubated in microcosms of tap water containing stress-inducing
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chloramines. The development of the induction procedure was an iterative
process which first required optimizing tap water chloramine concentrations, tap
water volumes, and incubation lengths and temperatures, to stimulate the cells
into a non-culturable state. Next, the procedure was further manipulated in order
to increase the viability of the non-culturable cells. Decreasing the imposed stress
on the cells during washing procedures facilitated an increase in cell viability
following induction. The reduction in stress experienced by cells during washing
was accomplished by lowering centrifuge speeds and utilizing tube inversion
resuspension techniques. The end product was an induction procedure which
reliably induces culturable E.coli O157:H7 cells into a VBNC state in a relatively
short period of time while maintaining high viability.

Using culturable E.coli O157:H7 cells as well as the VBNC cells produced
from the induction procedure, specific phenotypic and morphological cell
properties were analyzed and compared. Images of VBNC and culturable E.coli
0157:H7 cells were captured using DIC microscopy and evaluated for individual
cell lengths and widths using software image analysis. When E.coli O157:H7
cells enter a VBNC state they undergo a significant (p<0.05) decrease in both
their length and width dimensions and transition from a rod-shape to a coccus-
shape.

Microbial attachment to hydrocarbon assays were utilized to determine
the hydrophobicity of VBNC and culturable cells. The partitioning of cells
between a hydrocarbon and an aqueous phase indicated that VBNC E.coli

O157:H7 cells are significantly (p<0.05) less hydrophobic than culturable cells.
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The extracellular polymeric substance composition of cells was analyzed
for tightly-bound surface sugars using Phenol-sulfuric acid assays and tightly-
bound surface proteins using Lowry assays. The results of these experiments
revealed that VBNC E.coli O157:H7 cells express a significant (p<0.05)
upregulation of both surface-bound proteins and sugars compared with culturable
E.coli O157:H7 cells.

These cell properties were chosen because they can influence the transport
of bacteria through soil and groundwater (e.g. Bolster et al., 2009). The
comparison of cell properties suggests that the physical and surface chemical
changes that E.coli O157:H7 cells undergo when induced into a VBNC state will
influence their behavior in the environment. Compared to culturable cells, the
VBNC cells will be less likely to attach to solid substrates, will more easily be
incorporated into the liquid-water phase, and their smaller size will allow them to
pass through a wider range of pore sizes.

To test whether differences in transport parameters exist between
culturable and VBNC E.coli O157:H7 cells a series of column transport
experiments were carried out. Under conditions of steady-state flow, pulses of
VBNC and culturable E.coli O157:H7 cells were added to horizontal transport
columns packed with sand to simulate transport through a sandy aquifer.
Effluents from the column were quantified for cells and subsequently used to
construct breakthrough curves and develop mass flux accumulation data. Using a
5 cm column packed with washed sand showed no obvious visual differences

between breakthrough curves of VBNC and culturable cells. Furthermore, mass
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accumulation data and curve fitting of log cumulative mass flux data for the two
cell states was not statistically different. However, breakthrough curves and mass
accumulation data from longer columns (10 cm), utilizing acid-washed and
unwashed sand, displayed apparent differences between the transportation of
these two cell types. Following exponential curve-fitting of the mean log
cumulative mass flux data, it was found that VBNC cell mass transport through
unwashed sand was statistically greater (p<0.05) than the mass accumulation of
culturable E.coli O157:H7 cells through unwashed sand, regardless of sampling
time. Along with this significant finding, four general trends developed from the
10 cm column breakthrough curves, mass accumulation data, and curve-fitting
assays. These trends include:

e The total mass of VBNC E.coli O157:H7 cells transported through the
column exceeded that of culturable cells, regardless of sampling interval
or sand type

e Greater mass transport was exhibited in columns packed with washed sand
than unwashed sand, regardless of cell type

o Greater “tailing” of breakthrough curves was exhibited in columns using
washed sand than unwashed sand, regardless of cell type

e Breakthrough peaks of primary bacterial breakthrough curves coincided
with peak breakthrough of conservative tracer breakthrough curves

regardless of sand type or column length
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4.1.  Conclusions and Recommendations

Traditionally, the most widely-used and economical techniques for
determining and quantifying bacterial contamination of environmental resources,
including soil and groundwater, relies on the ability of bacteria to form colonies
(Maukonen and Saarela, 2009). Thus, if culturable E.coli O157:H7 is used as a
representative transport indicator of an entire O157:H7 population in a
groundwater or soil contamination case, then the transport characteristics of the
total E.coli O157:H7 population of cells, including those in a VBNC state, must
be understood.

The observed trends from the breakthrough curves and mass accumulation
data, the significant findings from the exponential and linear curve-fitting, along
with the significant changes in the phenotypic and morphological properties
analyzed, suggests that transport differences between the cellular states is bound
to occur in subsurface environments.

Future research will need to explore how the VBNC cells behave under
altered soil system parameters where their physical alterations may result in
greater transport efficiency compared to culturable cells. Ultimately, by running
transport studies using soil systems that are better suited to identify attachment
and filtration differences between the two cell types, one could better understand
whether the significant changes in the VBNC cell characteristics equates to
significant changes in their transport properties. Changes to the soil system can
include: e.g. the use of finer textured material, alterations in pH and ionic strength

of the flow solution, and organic matter amendments.
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Along with utilizing laboratory systems, field studies using potentially
contaminated sites may be done to explore whether VBNC E.coli O157:H7 cells
are present and if so, explore their lateral and vertical positions in relation to
culturable cells. A field study like this could add extremely potent real-world
information regarding the overland and subsurface transport of VBNC cells in
comparison to culturable E.coli O157:H7 cells.

Overall, considering the importance that previous studies have placed on
colloidal morphology (e.g. Bradford et al., 2002), surface coatings (e.g. Tsuneda
et al., 2003), and hydrophobicity (e.g. Williams and Fletcher, 1996),
generalizations about the transport of VBNC E.coli O157:H7 based on results
from their culturable counterparts should be made with vigilance. With the
development and increasing popularity of culture-independent bacteria
quantification techniques, including flow cytometry, epifluorescence microscopy
(Paulse et al., 2007), and quantitative polymerase chain reaction (Liu et al., 2008),
one must question whether the risks associated with the potential errors from
culture-based techniques doesn’t outweigh the higher costs and technicality of the
culture-independent techniques. Basically, it becomes a simple question of
whether the reduction in risks associated with more sophisticated detection
methods are deemed to be worth the extra costs associated with these methods
(whether one would rather be “safe than sorry”). This is a decision that society
will have to make. Regardless, this is the first known study into the transport of
VBNC bacteria in a groundwater system. This thesis will hopefully reinforce the

notion that bacterial transport in subsurface systems should be considered from a
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continuously dynamic viewpoint and will be heavily influenced by not only the
physical, chemical, and biological properties of the soil system, but by the
physical characteristics of the microbes as well.
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Appendix A: Standard curve for Lowry assays

0.30 -
0.25 | y=0.1321367+x*0.0002391
RA2=0.98
] -
(®) -
C e
© -
2 0.20-
?
o'
< =
.///
0.15 e
.
o
0.10
0 50 150 250 350 450

Protein content (micrograms/mL)

120




Appendix B: Standard curve for Phenol-sulfuric acid assays
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Appendix C: Standard curve demonstrating the linear relationship between
cell quantity and absorbance as determined spectrophotometrically
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Appendix D: Breakthrough curves of culturable E.coli O157:H7 cells
through washed sand using 5 cm columns
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Appendix E: Breakthrough curves of VBNC E.coli O157:H7 cells through
washed sand using 5 cm columns
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Appendix F: Breakthrough curves of culturable E.coli O157:H7 cells
through washed sand using 10 cm columns
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Appendix G: Breakthrough curves of VBNC E.coli O157:H7 cells through
washed sand using 10 cm columns
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Appendix H: Breakthrough curves of culturable E.coli O157:H7 cells
through unwashed sand using 10 cm columns
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Appendix I: Breakthrough curves of VBNC E.coli O157:H7 cells through
unwashed sand using 10 cm columns
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