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ABSTRACT

The inadvertent or deliberate introduction of bacterial pathogens into drinking
water systems can lead to serious public health consequences. As a result, rapid sampling
opportunities within distribution systems are needed that can provide information on the
source, species and fate of introduced pathogens. In this study, a porous media biofilm
reactor was used to investigate the ability of an established mixed-species drinking water
biofilm to immobilize cyan-labeled Escherichia coli 0157:H7 as a model pathogen. Test
reactors were colonized with biofilm for two or three weeks at 0.5 mg/l C, resulting in the
formation of thin and thick biofilms, respectively. Colonized reactors were then injected
with slug doses of approximately 1 x 10” cfu E. coli O157:H7. Plate counts were able to
successfully close a mass balance on E. coli O157:H7 around the reactor and were used
measure the fractions of inocula immobilized within reactors. Compared with control
reactors (0.22%), reactors colonized for two or three weeks immobilized significantly
more cells (0.75% and 9.37% respectively). For E. coli O157:H7 passing through the
reactor, retardation with respect to the bulk fluid was measured. Retardation factors (Ry)
indicated that cells traveling through colonized reactors were significantly retarded
compared to those traveling through clean control reactors, resulting in a prolonged
washout of cells. Quantitative PCR (qPCR) and direct microscopic counts were also used
to enumerate E. coli O157:H7 cells. Threshold cycle (Cr) values from qPCR typically
underestimated the plate counts for effluent samples and were highly inconsistent with
respect to enumerating cells entrained in biofilm or attached to reactor surfaces. Possible
inhibition by biofilm-associated substances was investigated. Direct microscopic counts
were not possible when homogenized biofilm was present and otherwise consistently
overestimated plate counts by an average of 0.6 orders of magnitude. This data shows
that engineered porous media systems colonized with biofilm may be an effective tool for
immobilizing pathogens from bulk flow in drinking water distribution systems.



INTRODUCTION

Drinking Water Distribution Systems

Drinking water distribution systems are fundamental components of centralized
water systems (CWS) that deliver finished water from treatment facilities to consumers.
In the United States there are almost one million miles of water distribution pipe with
13,200 miles of new pipe installed each year, as well as an estimated 154,000 finished
water storage facilities (NRC, 2006). These dispersed systems make up a majority of the
physical infrastructure of water utilities. Moreover, the multitude of accesses to these
systems makes them vulnerable to contamination by pathogenic microbes (GAO, 2004).
Contamination risks may be linked to unintentional microbial outbreaks as well as the

potential for intentional contamination, as in a bioterrorist attack.

Bioterrorism

Functional early-warning systems for water distribution system monitoring
necessitate real-time methods for detecting contaminants. While real-time pathogen
monitoring systems have been investigated (Gilbride et al, 2006; Siragusa et al, 1999), no
reliable methods currently exist for the real-time detection of pathogens in drinking water
systems (Lim et al, 2005). As a result, minimizing the turn-around time between
discovery and response is critical in preventing exposures. For bioterrorist attacks
involving human pathogens, practical steps to reducing this turn-around time include:

rapidly locating the source, determining the species and associated pathogenicity of the



responsible microbes, and accurately predicting the fate of introduced cells. While
bioterrorism targeting drinking water systems is a novel risk to public health,
unintentional microbial outbreaks have been a persistent and significant challenge for

drinking water utility managers.

Microbial Qutbreaks

Microbial outbreaks occur when human pathogens enter distribution systems and
cause illness in consumers. Such outbreaks have been linked to water treatment failures
and problems with distribution system integrity. In an effort to protect public health, the
Safe Drinking Water Act (SDWA), published in 1974, describes rules and regulations
that require drinking water utilities to meet specific standards for water quality.

As part of the SDWA, the Total Coliform Rule (TCR), published in 1989,
represents a regulatory effort to prevent microbial outbreaks by requiring that all public
water systems monitor their distribution systems for total coliform bacteria. Traditionally,
total coliforms are used as indicators of biological contamination because they are
abundant in the feces of warm-blooded animals and they are relatively easy to detect
compared with pathogenic microbes. Opinions have varied on whether monitoring for
total coliforms is sufficient for detecting and preventing microbial outbreaks (Harwood et
al, 2005). However, since the TCR was enacted, the number of outbreaks in CWS has, for
the most part, decreased (Figure 1) (NRC, 2006). Over that same period however, the

percentage of outbreaks which were attributable to problems within the distribution
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Figure 1: Microbial outbreak frequencies in centralized water systems (CWS) by
year, along with the percent attributable to the distribution system (NRC, 2006)

system has steadily increased. This percentage peaked between 2001 and 2002 at nearly
60%.

In 2003, the EPA began a mandated, six-year review of the Total Coliform Rule
(TCR), as required by the SDWA. Expert testimony at this review included numerous
presentations focused on better integration between distribution system issues and the
existing TCR (www.epa.gov/safewater/disinfection/tcr/regulation revisions.html). The
proposed revisions seek to create a more holistic approach to monitoring and preventing
future microbial outbreaks. One issue associated with distribution system water quality

that was discussed, was the growth and release of biofilm.



Distribution System Biofilms

Biofilms in drinking water distribution systems are heterogeneous, multi-species
microbial communities that colonize the surfaces of pipes (LeChevallier, 1987) (Figure

2). Besides microorganisms, distribution system biofilms are typically characterized by

Figure 2: Cross-sectioned water Figure 3: Scanning electron

distribution pipe showing micrograph showing bacteria
colonized biofilm (Davey, 2005) on pipe surface (Davey, 2005)

extracellular polymers, entrained inorganic and organic materials, and byproducts of
microbial influenced corrosion (MIC) (Beech, 2004). In distribution systems that are fed
effectively treated water and do not have infiltration issues associated with pipeline
fractures, biofilms are suspected to be the primary source of microorganisms
(LeChevallier et al, 1987). Biofilms form in a drinking water distribution systems when
planktonic cells attach to surfaces and proliferate (Figure 3). As a result, biofilm-
associated microbes are typically ubiquitous in the environment and pose little threat to

public health.



However, established biofilms may significantly influence the fate of pathogenic
microbes introduced to the bulk flow. Coliforms (Camper et al, 1991; McMath et al,
1999), Legionella (Langmark et al, 2005; Liu et al, 2006; Rogers et al, 1984),
Cryptospridium oocysts (Searcy et al, 2006) Helicobacter pylori (Mackay et al, 1998)
Escherichia coli (Banning et al, 2003; Camper et al, 1996; Li et al, 2006), Pseudomonas
aeruginosa (Banning et al, 2003) and Mycobacterium (September et al, 2004) have all
been studied vis-a-vis distribution system biofilms. Interactions between microbes and
biofilms are dependent on at least two important factors: the surfaces properties of
microbes and the physical structure of biofilm. When microbes are present in aqueous
environments their surface charges are neutralized by ions in solution which form a
diffuse electric double layer known as the Gouy-Chapman layer (Ellwood et al,
1982).The thickness of this layer, which is dependent on the ionic strength of the
solution, influences the attractive forces between microbes and surfaces (Stevik et al,
2003). Using laboratory-scale experiments, researchers have shown that the ionic strength
of a solution can impact the adsorption and retention of microbes (Abbott et al, 1983;
Jewett et al, 1995). Surface properties of microbes are also dynamic, and changes may be
microbially-induced, which can affect the reversibility of attachment (Sharma et al,
1985).

Biofilm structure has been characterized as a complex, 3-dimensional assembly of
‘mushroom’ shaped towers and strings (Costerton, 1995), and as a porous framework of
intertwined filamentous biomass (Okabe et al, 1998). The immobilization of microbes

within this matrix is influenced by both physical and chemical properties. The physical



structure of biofilms can contribute to immobilization by reducing the shear force on cells
and by increasing the number of adsorption sites. The structure of biofilm is further
complicated by the presence of extracellular polymers. Because polymers are often
polysaccharides, they can contribute to the irreversible adhesion of bacteria through
hydrogen bonding and dipole-dipole interactions (Costerton, 1984; Fletcher & Floodgate,
1973). Once trapped in biofilms, pathogens can also be protected from disinfectants and
antimicrobials through mass transfer resistance (Stewart et al, 1996) or the formation of
persister cells (Roberts & Stewart, 2005). These relationships could complicate efforts to
monitor and detect pathogens in distribution systems as well as prolong contamination by
gradually, and unpredictably, releasing pathogens as part of detached biofilm.
Consequently, interactions between biofilms and pathogens have traditionally been
viewed as a factor of distribution system water quality that contributes to public health

risks.

Biofilm Trap

In 2003, the Army Research Office (ARO) awarded Montana State University a
grant aimed at exploring the interactions between microbial pathogens and biofilms in
drinking water distribution systems. One component of this exploration was the idea of
using pathogen-biofilm interactions as a tool for monitoring and sampling distribution
systems. In other words, if biofilms growing on the surfaces of pipes can trap and harbor
pathogens from the bulk flow, can an engineered system increase the efficiency of this

interaction enough to qualify as a monitoring device? A ‘biofilm trap’ would not be



intended to treat microbial outbreaks, but could possibly provide rapid sampling
opportunities at critical points within a distribution network. This could reduce the time
required to locate a source, characterize the risk, and predict the fate of pathogens in

drinking water distribution systems.

Thesis Goal

This thesis addresses one aspect of the larger biofilm trap project by attempting to
isolate and characterize the capacity of a porous media biofilm, grown under drinking
water conditions, to immobilize a model pathogen. Biofilms were grown under
continuous flow for two and three weeks by feeding porous media reactors a mixture of
defined nutrients and dilution water from a biologically activated carbon system (BAC).
The latter source was fed by City of Bozeman tap water and produced dechlorinated
dilution water as well as a consistent source of indigenous drinking water
microorganisms. These microorganisms served as an inoculum for establishing a biofilm
on the reactor media and surfaces.

Escherichia coli (E. coli) 0157:H7 was used to model the behavior of waterborne
pathogens. Colonized reactors were injected with a slug dose of approximately 1 x 10° E.
coli O157:H7. The transport of these cells through the porous media biofilm was
described using plate counts, direct microscopic counts, and quantitative PCR (qPCR).
Three experiment conditions were tested 1) control — clean and sterile 2) ‘thin’ biofilm —
two weeks of biofilm colonization, and 3) ‘thick’ biofilm — three weeks of biofilm

colonization.



MATERIALS AND METHODS

Porous Media Biofilm Reactor

A porous media biofilm reactor was constructed by filling a cylindrical

polycarbonate container with glass beads (Figure 4A). The reactor dimensions were 6 cm

Flow inlet

Figure 4. Packed porous media biofilm reactor (A), and close-up of the reactor base (B)

in diameter and 6 cm in height. A peristaltic pump was used to meter continuous flow
through the reactor. Flow entered through the base, directed tangential to a conical recess
in the reactor bottom (Figure 4B). A stir bar spun at 200 rpm in an opposite direction to
the flow to ensure the system was well-mixed. A fine stainless steel screen separated the
stir bar from the reactor media. Reactors were packed with 220 g of 3mm borosilicate

(Chemglass Vineland, NJ, USA, CAT # CG-1101-02) beads for each experiment.



Flow Conditions

Reactors for biofilm experiments were colonized under the following flow
conditions: Reactors were fed at 24.75 ml/min from the BAC system with a supplement

of 50 mg/1 organic carbon at 0.25 ml/min for a total flow of 25 ml/min and a total organic

2 To Waste
Nanopure
Water
pH 7.5~7.8
C] = 50mg/l Pump @ —
[c] 9 0.25mL/min Sampling Port
>< Flowbreak
Pump @
25mL/min
4
i E. coli O157:H7
(S .
/ Inoculation
&
Biologically Activated .
Carbon System Reservoir

Figure 5. Flow schematic for biofilm experiments

carbon concentration of 0.5 mg/l (Figure 5). The organic carbon supplement stock
solution was a combination of amino acids and carbohydrates with the following

concentrations: 4.7 g/L glutamic acid, 5.3 g/L aspartic acid, 5.5 g/L serine, 4.7 g/L.
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alanine, 4.8 g/L glucose, 4.8 g/L galactose, 4.8 g/L arabinose. This recipe was used to
make a concentrated stock solution with around 13,000 mg/l carbon which was diluted in
sterile nanopure water to 50 mg/l. Before diluting, the exact concentration of the stock
solution was measured using a Dohrmann DCS80 organic carbon analyzer and the pH was
adjusted to 7.5-7.8 with 6 N sodium hydroxide. Nitrogen (0.1 mg/1), provided by amino
acids in the carbon supplement, and phosphorous (0.12 mg/1), from the BAC treated tap

water, were sufficiently available to ensure that carbon was a limiting nutrient.

Bacteria

E. coli O157:H7 (strain 932), a human isolate (obtained from Dept. of
Microbiology, Montana State University), was used as a model pathogen. To make plate
counting and microscopic enumeration of the target organism possible in the presence of
a biofilm matrix, the strain was transformed. Genes encoding for a fluorescent protein
and conveying antibiotic resistances were chromosomally integrated. The aforementioned
genes were delivered on a plasmid. The delivery plasmid, miniTn7(Km,Sm)pa1/04/03-ecfp-
a, and a helper plasmid, pUX-BF13 (Figure 6) were isolated from E. coli carrier strains
using a QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA). The delivery plasmid
contained genes responsible for antibiotic resistance to kanamycin, streptomycin and
chloramphenicol, as well as the gene encoding for the cyan fluorescent protein (CFP).
The helper plasmid ensured that the genes inserted into the desired location and

orientation within the genome. Electroporation was done in an Electroporator 2510
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A. Delivery plasmid
(see also Koch et al., 2001; Hajberg et al., 1999; Bao et al., 1991)

Ap* n7L
Ori coies
(pUC19) mini-Tn7 transposon DNA that will be inserted can contain
antibiotic resistance, fluorescent genes etc.
Tn7R
Mob from RP4

B. Helper plasmid
(see also Bao et al., 1991)

Ori R6K

Mob from RP4
tnsA

transposase | tnsB pUX-BF13
genes tnsC ~12.8kb | Apt
tnsD
tnsk

Figure 6. Maps of delivery and helper plasmids

(Eppendorf, Westbury, NY, USA) for 5 ms at 2400 V, as recommended by the
manufacturer.

Electrocompetent cells were prepared based on a protocol from the University of
Washington (http://depts.washington.edu/bakerpg/electrocompetent.html) as follows:
Two single colonies of E. coli O157:H7 were each transferred into 1 1 media bottles
containing 500 ml Luria Bertani (LB) broth (Fisher Scientific, Cat# BP1426-500). The
cultures were grown overnight in a shaking incubator at 37°C and 180 rpm to an optical
density of 0.5 — 0.8 measured at 600 nm. The flasks were transferred to an ice bath for 30
min before chilled cultures were harvested by centrifugation (4°C, 4000 x g for 15 min in
GSA rotor bottles). The harvesting and resuspension steps were repeated four times with

decreasing suspension volumes according to the following (solutions were sterile and
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chilled to 4°C): 1) 1 L water, 2) 0.5 L water, 3) 20 ml 10% glycerol, 4) 2.5 ml 10%
glycerol. Aliquots of this final cell suspension were immediately frozen and stored at -

70°C.

Inoculum Preparation

Full strength LB broth supplemented with 6 mg/l chloramphenicol (Cm)
was used to grow 10 ml cultures of transformed E. coli O157:H7 in 50 ml culture tubes.
After 16 hours at 37° C and 180 rpm, stationary phase cells were harvested by
centrifugation for 5 min at 5000 x g. Cell pellets were resuspended in 10 ml filter-
sterilized BAC effluent. This wash step was repeated once. The final cell suspension was
shaken at room temperature at 150 rpm for 24 hours before being introduced to reactors.
The purpose of this procedure was to allow possible changes in physiology or size that
may be caused by low nutrient concentrations. (Bjergbaek & Roslev, 2005). Cell
concentrations ranged from 4.87 x 10® to 1.82 x 10° cfu/ml according to plate counts and

3.92 x 10” to 1.05 x 10" cells/ml as determined by direct counts.

Inoculation and Sampling Procedure

The sampling procedure was performed in the same manner for non-biofilm
control experiments and biofilm experiments. For biofilm experiments, a mixed-species
biofilm, with organisms originating from the BAC treated tap water, was grown for either
two or three weeks at 0.5 mg/l C. Following biofilm formation, colonized reactors were

inoculated with 1 ml of E. coli O157:H7 (prepared as described earlier). A fine gauge



13

needle was used to pierce the tubing immediately upstream from where flow entered the
reactor and introduce E. coli O157:H7 cells to the bulk flow. Simultaneously to
inoculation, the reactor effluent was diverted to sterile flasks. Effluent samples were
collected on 82 s intervals for 820 s, yielding ten samples of approximately 34 ml. The
number of pore volumes collected in 820 s varied for each experiment because free pore
spaces were reduced by biofilm accumulation. Samples were placed on ice immediately
following collection.

Once all effluent samples were collected, flow to the reactor was stopped and the
reactor was relocated from its stir plate to a laminar flow hood for destructive sampling.
The pore fluid remaining in the reactor was drained into a sterile graduated cylinder in
order to measure its volume. Biofilm volumes were calculated by subtracting the freely-
flowing pore fluid drained from the reactor from the measured clean reactor pore space.
Any difference in volume was assumed to be attributable to biofilm accumulation. In
experiments where biofilm was present, the pore fluid was homogenized for 30 s (Bio
homogenizer M133/1281, Biospec Products, Bartlesville, OK, USA) on ice (to prevent
heating the sample). Approximately 35 ml of this pore fluid sample were transferred to a
sterile flask and placed in an ice bath.

The reactor was disassembled and the glass beads were transferred to a sterile
wide-mouth 250 ml flask using a sterile spatula and funnel. 50 ml of filter-sterilized BAC
effluent was added to the flask. To assist in washing any E. coli O157:H7 or biofilm from
the beads this solution was vortexed (30 s) and sonicated (30 s, model fs15, Fisher

Scientific). This elution procedure was repeated once before transferring the volume



14

through a fine-mesh steel screen into a second sterile flask. For a final rinse, an additional
50 ml of rinse water was added into the first flask followed by vortexing (2 min). This
second rinse was passed through the screen and combined with the volume in the second
flask for maximization of E. coli O157:H7 recovery. The combined volume was 100 ml
plus the volume of accumulated biofilm. When biofilm was present, the sample was
homogenized for 30 s and approximately 35 ml were transferred to a 50 ml tube and
placed in an ice bath. To recover biological material associated with the internal reactor

surfaces, filter-sterilized BAC effluent was used to rinse the surfaces with the following

.......

: .
Figure 7. Harvesting biofilm from stirbar
volumes for the respective surfaces: 15 ml top, 30 ml sides, 20 ml screen, 10 ml stir bar,
and 25 ml bottom. Surfaces were initially rewet with 5-10 ml and then scraped with a
rubber policeman (Figure 7), followed by a second rinse with the remaining volume.

Ideally, any biological material associated with the surfaces was rinsed into a sterile glass

container for optimization of E. coli O157:H7 recovery. Harvested material was
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homogenized for 30 s before transferring approximately 35 ml to a 50 ml tube and storing

in an ice bath until further processing.

Non-Reactive Tracer Test

Hydrodynamics of a clean and sterile reactor were described using fluorescein
dye as a tracer for breakthrough curves (Sharp, 1999). Under the same flow conditions as
described above for clean control reactors, 1 ml of 100 ppm fluorescein dye (Sigma F-
6377, St. Louis, MO, USA) was injected into a porous media reactor. Effluent was
collected on 82 s intervals for 820 s and each sample was analyzed using a

spectrophotometer at 490 nm.

Plate Count Analysis

E. coli O157:H7 were enumerated by spread plating in triplicate. Samples were
serially diluted in filter-sterilized BAC effluent such that 100 pul spread on an agar plate
produced 30-300 colonies. All samples were plated on LB agar (Fisher Scientific, Cat#
BP1425-2) supplemented with 6 mg/l Cm and incubated at room temperature for 3 days.

Colony forming units (cfu) were counted following incubation.

Direct Count Analysis

Selected samples were serially diluted in filter-sterilized BAC effluent. After
vortexing for 30 s, 1 ml was filtered through a 0.44 pm black polycarbonate filter

membrane (GE Water and Process Technologies, Watertown, MA, USA). Dilutions
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having between 20-200 cells per field of view were used for enumeration. Filters were
mounted with oil on microscope slides. Twenty fields of view were captured using a
black and white camera mounted to a Nikon E800 microscope with a 100 x 1.4 NA oil
objective and CFP fluorescence filters (excitation 426-446 nm, dichromic mirror 455 nm,
and emission 460-500 nm). MetaVue, Version 6.1, (Universal Imaging, Downington, PA,
USA) was used for capturing images and MetaMorph, Version 6.1r, was used to count E.

coli O157:H7 cells.

DNA Extraction and Purification

Genomic DNA was extracted and purified using the Power Soil ™ DNA Isolation
Kit (Mo Bio Laboratories, Carlsbad, CA, USA). The manufacturer’s “Experienced User
Protocol” was followed with the following exceptions: 1) 200 ul of homogenously
suspended cells were added to the lysis matrix as opposed to soil, 2) cell lysis was
achieved by bead beating in a FastPrep machine (MP Biomedicals, Aurora, OH, USA)
for 30 s at a speed setting of 5.0 m/s, and 3) only 1350 pul were loaded on to the spin

filter.

Quantitative PCR

E. coli O157:H7 DNA was detected by quantitative PCR (qPCR) using a
SmartCycler II (Cepheid, Sunnyvale, CA, USA). Multiple protocols and reagents were
used in an effort to improve repeatability and optimize efficiency. In all PCR assays 2 pl

of extracted genomic DNA was added to 23 pl of PCR mixture containing 0.3 pM of
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primer stx1 — forward (5 - GACTGCAAAGACGTATGTAGATTCG - 3’) (Sharma &
Dean—Nystrom, 2003) and 0.3 uM of primer stx1 — reverse (5 —
ATCTATCCCTCTGACAACTGC - 3’) (Sharma & Dean-Nystrom, 2003). stx1 encodes
for shiga toxin 1 and has been shown to successfully distinguish E. coli O157:H7 within
complex biological matrices (Sharma & Dean-Nystrom). qPCR assays were either based
on SYBR™ Green or on Tagman™ chemistry. Two commercially available PCR master
mixes were used for SYBR® Green based assays — SYBR® Green PCR Master Mix and
Power SYBR® Green PCR Master Mix (both Applied Biosystems, Foster City, CA,
USA). Both were used according to the manufacturer’s protocol. In the case of Tagman™
assays an stx1-probe was used in conjunction with 1 x AmpliTaq GOLD Master Mix
(Applied Biosystems, Foster City, CA, USA) and had a 6-FAM fluorescent label attached
to the 5’—end of the stx1-probe and a BHQI1 quencher attached to the 3’-end. The PCR

reaction chemistries used in each experiment are summarized in Table 1 below.

Reactor Condition | qPCR Reaction Chemistry | Reactor Condition | qPCR Reaction Chemistry
Control 1 SYBR" Green Thin 3 Power SYBR® Green
Control 3 Tagman™ Thin 4 Power SYBR® Green
Control 5 Tagman™ Thin 5 Power SYBR® Green
Control 7 Power SYBR" Green Thick 1 SYBR" Green

Thin 1 SYBR® Green Thick 2 SYBR" Green

Table 1. PCR reaction chemistries

Cycling parameters for Tagman assays were: 570 s at 95°C followed by 45 cycles
of 20 s at 95°C, 30 s at 57°C, and 25 s at 72°C. For SYBR" Green based assays the cycle

parameters were: 8 min at 95°C followed by 50 cycles of 20 s at 95°C, 25 s at 55°C and
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25 s at 72°C. For assays using SYBR®™ Green, melt curve analyses were performed
following PCR cycling by heating PCR products from 65°C to 95°C in increments of 0.2
deg/s. Threshold cycles were only considered valid for those reactions which showed the
correct melt temperatures. Initially, correct product lengths were verified by loading an
aliquot of qPCR product on 2% agarose gels stained with ethidium bromide.

Threshold cycle values (C;) were determined for all samples by the primary curve
method, with background subtraction, using the SmartCycler II software. The C; values
represented the PCR cycle at which fluorescence, as a surrogate measure of target DNA
concentration, rose above the user-defined threshold of 30 fluorescent units. Numerical
data was exported to a Microsoft” Office Excel spreadsheet for analysis. DNA templates
for creating standard curves were obtained in one of two ways: 1) DNA was extracted
from a series of cell suspensions generated from serially diluting the inoculum, or 2)
genomic DNA extracted from the undiluted inoculum was serially diluted. Standard
curves were produced for each experiment and the concentration of E. coli O157:H7 cells

in unknown samples were calculated by fitting their C; values to this standard curve.

PCR Inhibition Assays

Two assays were performed to investigate potential qPCR inhibition originating
from the presence of biofilm. The biofilm for these assays was grown for two weeks in a
porous media biofilm reactor as described earlier. All biofilm from the reactor was
recovered and suspended in 100ml of filter-sterilized BAC effluent. The suspended

biofilm was then homogenized for 1 min.
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The first assay was performed to investigate if the observed differences in
amplification were caused by the co-purification of biofilm-related inhibitory substances.
An E. coli O157:H7 culture was grown as described earlier and diluted to the following
concentrations of 1 x 107, 1 x 10°, 1 x 10* and 1 x 10? c¢fu/ml. Genomic DNA was
extracted and purified from the undiluted homogenized biofilm and the four samples of
E. coli O157:H7 independently. Mixes of 1ul of E. coli O157:H7 DNA with 1pul of either
water or biofilm DNA served as templates for qPCR using Power SYBR" green reaction
chemistry and cycling parameters described above.

The second assay investigated if the observed differences in amplification were
caused by differences in the DNA extraction and purification efficiency of E. coli
O157:H7 DNA in the presence of biofilm. The concentration of homogenized biofilm
was varied between samples of E. coli O157:H7 (growth conditions described earlier,
[~10° cfu/ml]). Samples were created by mixing 5 ml of an E. coli 0157:H7 culture with
5 ml of homogenized biofilm (approximately 1 x 10’ cfu/ml). Four concentrations of
biofilm were used — undiluted, 1:10 diluted, 1:100 diluted and 1:10,000 diluted. Genomic
DNA was extracted from 200ul aliquots of these four mixtures using the Power Soil ™
DNA Isolation Kit as described earlier. This DNA served as a template for qPCR using

the same parameters as the first inhibition assay.

Mass Balance on E. coli O157:H7

A mass balance on E. coli O157:H7 around the reactor was closed using plate

count data to compare the total number of cells input to the reactor with the number
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recovered. Recovered cells included all cells in the effluent and pore fluid, in addition to
those that were immobilized within the reactor. Immobilized cells were either attached to
beads and reactor surfaces for control experiments or entrained in the harvested biofilm
attached to those surfaces for test experiments. Cell concentrations from each sample
were multiplied by the total final volume in which they were suspended. The mean and
standard error of the log differences between input and recovered cells were calculated.
A 95% confidence interval was then determined based on the mean and standard error

and 13 degrees of freedom (n = 14).

Statistics

To determine if differences in the fraction of inocula immobilized between the
three reactor conditions was statistically significant, a two sample, one-sided t-test was
used. The null hypothesis for this test was that the geometric means of the percent of cells
immobilized was equal for all conditions. The mean and standard error of log differences
between E. coli O157:H7 cells input and E. coli O157:H7 cells immobilized were
calculated. Because the number of samples for each condition varied, degrees of freedom
were computed using the Welch-Satterwaithe approximation (Ames & Webster, 1991).

The null hypothesis was considered invalid when p-values were less than 0.05.
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RESULTS

A porous media biofilm reactor was colonized with an undefined drinking water
biofilm. Experiments aimed at testing the ability of the reactor to immobilize a slug dose
of the model pathogen, E. coli O157:H7, from bulk flow. Reproducible biofilms were
grown for either two or three weeks while controlling three important factors — the flow
rate, the organic loading, and the species of the biofilm inoculum (White, 1999).
Following two weeks of continuous flow (thin biofilm), a clear gradient of biofilm
accumulation was observed which decreased along the direction of flow with no biofilm
visible near the effluent port. One additional week (thick biofilm) of growth was
sufficient to close this gradient such that biofilm appeared equally along the entire flow
path. The average biofilm volumes were 20.8 + 1.92 ml (23% of available pore space) for

thin biofilms and 52.5 + 3.54 ml (59% of available pore space) for thick biofilms.

Fate and Recovery of E. coli O157:H7

Enumeration of E. coli O157:H7 which passed through reactors and cells which
were immobilized within the reactors by plate counting succeeded in closing the mass
balance. Data from direct counting and qPCR, while not able to close the mass balance,
were compared with plate counts. Table 2 is a summary of experiments showing reactor

conditions and the E. coli O157:H7 enumeration methods applied.
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Total Total
Reactor Plate Direct Reactor Plate Direct
Condition Counts Counts gqPCR Condition Counts Counts qPCR
Control 1 X X Thin 1 X X
Control 2 X Thin 2 X X
Control 3 X X Thin 3 X X
Control 4 X Thin 4 X X
Control 5 X X X Thin 5 X X X
Control 6 X X Thick 1 X X X
Control 7 X X Thick 2 X X X

Table 2. Summary of experiments and E. coli O157:H7 enumeration methods

Quantification of E. coli O157:H7 by plate counting was used to close a mass

balance around the reactor. Percent recovery of the inoculum was calculated for each

experiment by taking ratios between the total number of cells recovered and the total

number of cells in the inoculum (Table 3). The 95% confidence interval for percent

recoveries was 94-121%. In other words, 95% of subsequent experiments would be

expected to have a percent recovery between 94 and 121%.

Percent Percent
Reactor Recovered Inoculum Recovered | Reactor Recovered Inoculum Recovered
Condition | (cfu*10%) | (cfu* 10%) (%) Condition | (cfu*10%) | (cfu* 10%) (%)
Control 1.56 1.22 127 Thin 0.76 1.11 68
Control 1.01 0.73 138 Thin 0.95 1.11 85
Control 1.54 1.82 85 Thin 1.15 1.05 109
Control 0.53 0.46 116 Thin 1.30 1.00 130
Control 2.07 1.38 150 Thin 1.74 1.78 98
Control 1.41 1.70 83 Thick 1.40 1.40 100
Control 1.09 1.06 103 Thick 0.86 0.77 111

Table 3. Percent recoveries for E. coli O157:H7
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Plate counts were used to determine the total number of E. coli O157:H7 cells
remaining in reactors after 820 s of continuous flow (Figure 8). Each bar represents the
mean of all experiments of each type with error bars displaying inter-experiment standard

deviations. The term ‘pore fluid’ refers to cells that were recovered from the freely-
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Figure 8. Total number of E. coli O157:H7 within reactors, n=7 for
control, n=5 for thin, and n=2 for thick

2

flowing pore fluid drained from the reactor prior to destructive sampling. ‘Bead biofilm
refers to cells either attached to glass beads for control experiments, or recovered from
biofilm that was harvested from glass beads for biofilm experiments. Lastly, ‘reactor
biofilm’ refers to cells either attached to reactor surfaces or recovered from biofilm that

was harvested from reactor surfaces. E. coli O157:H7 concentrations in pore fluid
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samples did not vary significantly between the three reactor conditions. For thin biofilm
experiments, the number of E. coli O157:H7 cells in bead biofilm samples increased
approximately 0.5 orders of magnitude whereas the number in reactor biofilm samples
increased by approximately 1.5 orders of magnitude. For thick biofilm experiments the
increase was around 2 orders of magnitude for both bead and reactor biofilm samples.

E. coli O157:H7 concentrations in effluent samples were also determined by plate
counts. The average total number of E. coli O157:H7 cells in each sample plotted versus
sample number (Figure 9). Each bar represents the mean of all experiments of each type
with error bars displaying inter-experiment standard deviations. The three reactor

conditions showed a similar trend for E. coli O157:H7 washout from the reactor — cell
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Figure 9. Total number of E. coli O157:H7 in effluent samples collected
over 82s, n =7 for control, n = 5 for thin, and n = 2 for thick
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numbers peak early after inoculation and decrease gradually over the 820 s sampling
period. Also, it appears that more cells leave the reactor earlier when biofilm is present,

resulting in lower concentrations of E. coli O157:H7 in later samples.

Breakthrough Curves

The rates at which E. coli O157:H7 cells passed through reactors were described
using breakthrough curves. A breakthrough curve is defined here as the average
concentration of E. coli O157:H7 observed in effluent samples for each reactor condition
(C), normalized to average inocula concentrations (C,), plotted versus the pore volume in
which they were recovered (Figure 10). Because the free pore space within the reactors

decreased as biofilm accumulated, each 34.44 ml effluent sample (Vs =25 ml/min x 82 s)
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Figure 10. Breakthrough curves. Co = 1.27 x 10’ for control experiments,
1.07 x 10 for thin biofilm experiments, 1.09 x 10’ for thick biofilm
experiments and 7.4 for the non-reactive tracer
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contained a different fraction of one pore volume for each reactor condition. The average
fraction of a pore volume (PVr,,.) was calculated for each biofilm condition using
Equation 1, where Vwas constant and V,, was measured during each experiment and

averaged for each reactor condition. Based on this formula, each effluent sample

=PV,

Frac

SIS

Equation 1. Average fraction of one pore
volume collected in each effluent sample

contained 0.38 pore volumes for control reactors, 0.59 pore volumes for thin biofilm
reactors, and 1.31 pore volumes for thick biofilm reactors.

The breakthrough curve for E. coli O157:H7 cells traveling through control
reactors was similar to the breakthrough curve for the non-reactive tracer which served as
a control. However, reactors colonized with biofilm exhibit greater dispersion as well as a
prolonged washout of E. coli O157:H7 relative to the non-reactive tracer. The degree to
which cells were slowed with respect to the bulk fluid can be quantified using retardation

factors (Ry).

Retardation Factors

A retardation factor (Ry) is defined here as the ratio of the mean cell residence
time to the hydraulic residence time (Johnson et al, 1998) and quantifies the attenuation
of cells as they travel through porous media (Table 4). Average hydraulic residence times

(6r) (Table 4) were calculated for each reactor condition using equation 2. The flow rate,

0, was constant (25 ml/min) and the volume of free pore space, Vp, was measured for
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Ave. hydraulic Ave. mean cell Ave. retardation factors,
residence times, 0y, (s) residence times, Oc (s) R=0./ 0,
Non-reactive tracer 212 2231 1.05
Control 212 234.9 1.11
Thin Biofilm 139.7 226.9 1.62
Thick Biofilm 63.6 110.7 1.74

Table 4. Average hydraulic residence times, mean cell residence times and
retardation factors

each experiment. Average mean cell residence times (6¢) (Table 4) were calculated for
each reactor condition using equation 3, where time was the time at which the
corresponding concentrations of E. coli O157:H7 were observed in the effluent and N is

the number of experiments of each type.

7
L£=9, P Z E .coli
¢ N

_ N ([E coli]* time
3Rz

Equation 2. Average

hydraulic residence time Equation 3-' Average mean
cell residence time

Immobilization Efficiency

The total number of cells remaining immobilized within the reactor after 820 s

was considered the sum of cells from bead biofilm and reactor biofilm samples. The
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average numbers of immobilized cells were calculated for each reactor condition and

compared with the average number of cells in the corresponding inocula, (Figure 11).
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Figure 11. Average total number of E. coli O157:H7 in inocula, and
the average immobilized fraction of inocula

On average, control reactors immobilized 0.22% of cells from the inoculum, thin
biofilm reactors 0.75% and thick biofilm reactors 9.37%. The differences in
immobilization between the three reactor conditions are statistically significant at the
0.05 level (p = 0.02 between control and thin, p < 0.001 between control and thick and p

< 0.001 between thin and thick).
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Direct Counts

Direct counts of E. coli O157:H7, based on fluorescent microscopy, were
compared with the corresponding plate counts (considered the standard) for selected

samples (Figures 12-14). Concentrations of E. coli O157:H7 are plotted versus sample
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Figure 12. Plate counts compared with direct counts for control experiment #5

name and error bars represent intra-sample standard deviations. Of these comparisons,
one example from each biofilm condition is presented here. The remaining comparisons

between direct counts and plate counts can be found in Appendix A.
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Direct counts consistently overestimated the number of E. coli O157:H7 relative to plate
counts. This trend was independent of reactor conditions. For all experiments run the

average log difference with which plate counts were overestimated was 0.6.

Quantitative PCR

Quantitative PCR was used as a third method to determine concentrations of E.
coli O157:H7. Obtained values were compared with the numbers obtained from plate
counting (Figures 15-20 & 26-39). For each experiment, two figures are presented: the
first showing concentrations of cells in effluent samples and the second showing the
concentrations of cells remaining in the reactor after flow was stopped. One example
from each experiment type is shown. The remaining comparisons between quantitative

PCR and plate counts can be found in Appendix B.
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Figure 18. Plate counts compared with qPCR for thin biofilm experiment #5
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Figure 20. Plate counts compared with qPCR for thick biofilm experiment #2

qPCR data from control experiments, with a few exceptions, underestimated plate
counts. For effluent samples from control experiments, qPCR data reflected plate counts
rather closely in most cases with approximately 15% of samples exhibiting
underestimations of 1-2.5 orders of magnitude and one sample that did not detect any E.
coli O157:H7 (Figures 15, 26, 28, 30) For pore fluid samples, qPCR data and plate counts
varied only slightly; however, qPCR for bead and reactor biofilm samples routinely
underestimated the concentrations of E. coli O157:H7 relative to plate counts by between
1 and 3 orders of magnitude (Figures 16, 27, 29, 31).

For effluent samples from thin biofilm experiments, qPCR again underestimated
most E. coli O157:H7 concentrations for effluent samples relative to plate counts,

although qPCR failed to detect any E. coli O157:H7 in 5% of effluent samples (Figures
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17, 32, 34, 36). For thin biofilms, qPCR data for pore fluid, bead biofilm, and reactor
biofilm samples from 2 out of 4 experiments underestimated concentrations relative to
plate counts by 0.2-3 orders of magnitude. Thin biofilm experiment #3 overestimated
plate counts by 0.5-2 orders of magnitude and experiment #5 failed to detect E. coli
O157:H7 in the bead biofilm sample (Figures 18, 33, 35, 37).

Lastly, qPCR data from thick biofilm experiments exhibited similar trends as
control and thin biofilm experiments, except that E. coli O157:H7 could not be detected
in bead biofilm samples from either experiment (Figures 20 & 39). Plate counts and
qPCR for effluent samples varied only slightly in experiment 1 with the exception of
sample 10 in which qPCR underestimated the plate counts by 2.5 orders of magnitude
(Figure 38). Differences for effluent samples from experiment 2 are not consistent and
vary from 0.1-2 orders of magnitude (Figure 19).

Differences between qPCR data and plate counts for enumerating E. coli
O157:H7 in effluent samples are consistently different within experiments for 7 out of 10
experiments, possibly revealing systematic errors. For samples obtained by destructively
sampling reactors the trends are not as clear. Plate counts from pore fluid samples are
more closely estimated by qPCR than bead and reactor biofilm samples. E. coli O157:H7
was detected by qPCR in all bead biofilm samples from control experiments, but only in

50% of samples from biofilm experiments.
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PCR Inhibition Assays

The possible inhibition of qPCR by the presence of a drinking water biofilm was

investigated. The first assay compared C; values from qPCR for five concentrations of E.

coli O157:H7 DNA quantified in the presence of either PCR-grade water or purified

genomic DNA from homogenized biofilm (Figure 21).
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Figure 21. C; values from qPCR for five concentrations of E. coli O157:H7
enumerated in the presence of either PCR-grade water or purified genomic DNA
from a drinking water biofilm

Consistent with some form of inhibition, Ct values from qPCR performed with a

mixture of E. coli O157:H7 DNA and biofilm DNA were higher than those performed

with E. coli O157:H7 DNA mixed with water. The average difference was 1.6 cycles,
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which based on PCR-reaction theory corresponds to about 0.5 orders of magnitude
difference in starting E. coli O157:H7 DNA template concentration.

The second assay compared C; values from qPCR for a sample of approximately 1
x 10° cfu/ml E. coli 0157:H7 whose DNA was extracted in the presence of various

concentrations of homogenized biofilm (Figure 22). Data is presented as the difference in

A Ci (w/ biofilm - w/o biofilm)

Undiluted biofilm 1:10 dilution 1:100 dilution 1:10000 dilution

Biofilm Concentration

Figure 22. Change in C; values from qPCR between samples of E. coli O157:H7
whose DNA was extracted in the presence of biofilm and a control where no biofilm
was present during extraction

C; value between the samples containing biofilm and a positive control that had no

biofilm. A difference of 4.5 cycles, corresponding to about 1.5 orders of magnitude

difference in E. coli O157:H7 concentration was observed with undiluted biofilm.
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Diluting the biofilm 10-fold decreased this difference significantly to around 2.25 cycles.

Further dilution had little effect on the change in C; values.
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DISCUSSION

The results presented in this study suggest that porous media reactors colonized
with drinking water biofilms were able to immobilize significantly more E. coli O157:H7
than clean control reactors. The fraction of immobilized cells increased with increasing
biofilm biomass in the reactor. Biofilms also contributed to greater dispersion and

retardation of E. coli O157:H7 which prolonged the washout of cells.

Transport Phenomena

Changes in the hydrodynamic properties of porous media systems caused by the
accumulation of biofilm have been investigated by a number of researchers. These
investigations describe dynamic channel formation (Sharp et al, 2005), reduced porosity
(Dunsmore et al, 2004; Tiwari & Bowers, 2004), reduced permeability (Tiwari &
Bowers, 2004), and increased friction factors (Cunningham et al, 1991). A similar
investigation which aimed at describing flow in biofilm-colonized porous media observed
increased dispersion and accelerated breakthrough of a non-reactive tracer (Sharp et al,
1999). Unlike these investigations, the laboratory-scale reactor system used in these
experiments did not allow direct observations of biofilm thickness or heterogeneity. As a
result, hydrodynamics were described using a non-reactive tracer. An effort is made here
to describe the transport of E. coli O157:H7 relative to the tracer and the influence of
biofilm on E. coli O157:H7 transport.

The transport of E. coli O157:H7 through porous media reactors was described

using breakthrough curves to normalize the differences in hydraulic residence times



40

between reactor conditions (Figure 10). This graph demonstrates two possible influences
of biofilm on the transport of E. coli O157:H7 through the porous media matrix —
preferential channeling and prolonged washout. Prolonged washout refers to the number
of pore volumes required for C/C, to approach zero and is affected by both dispersion
(the flattening of the breakthrough curve) and retardation (the shifting of the centroid of
breakthrough curves to the right). Prolonged washout was observed with thin and thick
biofilm experiments with dispersion and retardation increasing with increasing biofilm
biomass within reactors. Prolonged washout was interpreted as a consequence of
interactions with biofilm. Preferential channeling occurs as biofilm accumulates
heterogeneously within reactors, blocking or slowing flow through some areas of the
reactor while increasing flow in others areas (Sharp, 1999), accelerating breakthrough.
Preferential channeling may explain why the breakthrough of E. coli O157:H7 occurred
earlier and at a higher concentration in thick biofilm experiments relative to control and
thin biofilm experiments.

These results suggest that E. coli O157:H7 transport through thick biofilms
colonizing porous media may be dualistic, with cells either washed out rapidly through
preferential channeling or significantly retarded via interactions with biofilm. This
dualistic transport through thick biofilms was also observed by Sharp et al (1999) using
porous media reactors and fluorescein dye. This observation is important, as cells which
are retarded by biofilm remain in the reactors longer, per pore volume, and may be more

likely to be immobilized.
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By colonizing a porous media system with biofilm over three weeks under
drinking water conditions, it was possible to retain, over 820s, up to approximately 9% of
E. coli O157:H7 introduced as a slug dose. Interactions with biofilm within the reactor
are believed to have contributed significantly to the degree of pathogen retention. These
interactions may be characterized by frequent and occasionally reversible attachment
events caused by decreases in average pore size, protection from fluid shear, and an
increase in available sorption sites (Stevik et al, 2004). Mechanisms of attachment may
include adsorption as well as physical straining or filtration. Factors which may affect the
physical straining of pathogens in similar experiments include porous media diameter and
pathogen size (Stevik et al, 2004). As mentioned earlier, the frequency and reversibility
of adsorption is strongly influenced by the ionic strength of the bulk fluid (Stevik et al,
2004).

It should be noted here that the techniques for measuring pore fluid volumes, and
thus calculating retardation factors and plotting breakthrough curves, differed between
control (also the non-reactive tracer) and biofilm experiments. Pore fluid volumes were
determined for control reactors by measuring the volume of water that was required to fill
reactors, thus eliminating any capillary force effects that would be involved in measuring
the pore fluid volume by draining filled reactors. Because this was not possible for
biofilm-colonized reactors, the pore fluid volumes of these reactors were measured by
draining the freely-flowing liquid as described earlier. Some error is expected in these
measurements due to pore blockage by biofilm and capillary forces that may prevent

fully recovering the entire liquid fraction within the reactor that experienced flux. In
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hindsight, a non-reactive tracer test should have been performed on each reactor, prior to
inoculating with E. coli O157:H7, so that hydraulic residence times could be more

accurately determined.

Detection and Quantification of E. coli O157:H7

Enumeration of antibiotic resistant £. coli O157:H7 using plate counting
succeeded in closing the mass balance around the reactor. Based on the narrow range of
the 95% confidence interval around 100% for percent recoveries, this method was
considered the standard for analyses. Because experiments typically took about 2 hours to
perform and samples were stored on ice following collection, the proliferation of E. coli
O157:H7 cells was not considered a source of error in the mass balance.

Direct counts could not be used to close a mass balance on E. coli O157:H7
because CFP-labeled E. coli O157:H7 were indistinguishable in the presence of
homogenized biofilm. Homogenized biofilm increased the intensity of background
fluorescence and also increased the thickness of material on the polycarbonate filters such
that E. coli O157:H7 were distributed over multiple focal planes. Possible explanations
for the consistent differences between plate counts and direct counts may include the
presence of auto-fluorescent microorganisms in the drinking water as well as E. coli
O157:H7 cells that were non-culturable before inoculating but continued to fluoresce
(Byrd et al, 1991).

Quantitative PCR is an emerging technique that has the potential to increase

specificity and sensitivity while decreasing sampling times for pathogen detection in
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drinking water systems (Lemarchand, 2004). In this study however, qPCR was not as
reliable as plate counting for detection or quantification of E. coli O157:H7. Inhibition by
biofilm-associated substances may have played a role in the inconsistencies observed in
qPCR results as demonstrated in the qPCR inhibition assays (Braid et al, 2003).
Investigating additional techniques for increasing the purity of extracted DNA, and
further optimizing qPCR protocols, may make it possible to accurately quantify E. coli
O157:H7 entrained in biofilm matrices.

In developing the protocols for performing qPCR, it was observed that non-
linearities can exist in the DNA extraction and purification efficiency of E. coli O157:H7
over large ranges of concentration. Consequently, two methods for creating standard
curves were used (as described earlier): 1) DNA was extracted/purified from multiple
samples created by serially diluting a sample with a known concentration of E. coli
O157:H7, and 2) A single extraction/purification was performed on a sample with a
known concentration of E. coli O157:H7, and the resulting genomic DNA was then
diluted. The latter method would inherently remove nonlinearities created during DNA
extraction and purification that could result in artifacts in downstream analyses. In
summary, well-purified DNA along with carefully constructed standard curves are
prerequisite for acquiring quantitative information from PCR-based techniques.

These experiments corroborate observations from previous studies regarding
microbial transport through biofilms growing in pilot-scale and laboratory-scale
distribution systems. Cryptosporidium oocysts (Searcy et al, 2000), Escherichia coli

(Banning et al, 2003; Camper et al, 1996; Li et al, 2006), Pseudomonas aeruginosa
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(Banning et al, 2003), Helicobacter (Mackay et al, 1998), Mycobacterium (September et
al, 2004), Legionella (Langmark et al, 2005; Liu et al, 2006; Rogers et al, 1984), and
coliforms (Camper et al, 1991; McMath et al, 1999) have all been demonstrated to
concentrate in drinking water biofilms relative to the bulk fluid. While these studies
explored biofilm-pathogen interactions as a possible source of prolonged contamination,
the data supports the concept of using biofilm as a capture mechanism for waterborne
pathogens. Based on these observations and the data presented in this study, it may be
feasible to use porous media ‘biofilm traps’ as novel monitoring tools for drinking water

distribution systems.
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CONCLUSIONS

Porous media biofilm reactors, colonized with biofilm under drinking water
conditions, retained significantly more E. coli O157:H7 than clean control

reactors

This has implications in distribution system monitoring as currently the Total

Coliform Rule only requires sampling for waterborne coliforms

The retardation of E. coli O157:H7 which passed through reactors, caused by

biofilm, prolonged washout

Engineered porous media systems, acting as a substrate for the colonization of
biofilm in drinking water distribution systems, may be a feasible and novel tool
for monitoring and detecting the contamination of water supplies by human

pathogens
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APPENDIX A

ADDITIONAL DIRECT COUNT DATA
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Figure A2. Plate counts compared with direct counts for thin biofilm experiment #2
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APPENDIX B

ADDITIONAL QUANTITATIVE PCR DATA
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