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ABSTRACT

Physical and chemical treatments have been investigated for the treatment to remove
biofilms. This thesis examines the problem of the removal and prevention of biofilms by: (i)
using a water jet to determine biofilm stability and (ii) testing the effect of B-phenylethylamine
(PEA) on growth and biofilm amounts.

Three dimensional structures of biofilms vary in different genetic backgrounds of E. coli,
we wanted to see whether changes in structures were paralleled by differences in stability of the
biofilm. The water jet apparatus was used to test biofilm stability of E. coli mutants. Alteration
of the cell surface structures was detrimental to biofilm stability, while alterations in metabolism
had less effect on stability. PEA (0 to 50 mg/mL) was applied to bacterial strains to see the
effects on growth and biofilm amounts. PEA had an inhibitory effect on growth and biofilm

amounts of some bacterial strains tested.
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CHAPTER 1. LITERATURE REVIEW! 2

Biofilms

Biofilms are defined as communities of bacteria that form on a variety of surfaces and
can occur in many natural, environmental, clinical, and industrial settings [*1. Bacterial biofilms
are tougher to treat than planktonic bacteria and can end up being detrimental to human health.
For example, biofilms have been shown to form on implants, which can result in chronic
bacterial infections that can’t be treated with standard antibiotics 2 31, Because of the negative
effects bacterial biofilms can have to human health, a lot of research has been done over the
years to better understand biofilms and develop novel treatments.

Formation of biofilms occur in several steps and has been postulated that each step is
characterized by a specific cell surface organelle I 3. Reversible attachment is the first step of
biofilm formation, where the bacterium may loosely attach to a surface and detach again.
Flagella, fimbriae, and pili aid in the initial contact with the surface. Irreversible attachment
occurs when the bacteria start to produce adhesions and some extracellular polymers. During the
maturation phase the attached cells produce an extracellular polymeric substance matrix which
helps define the three-dimensional structure of the biofilm [+ &1,

Signal transduction pathways have recently become a mechanism to develop novel

biofilm prevention and treatment techniques. Two examples of this are quorum sensing and two

1 R-phenylethylamine, a small molecule with a large impact. Meredith Irsfeld, Matthew
Spadafore, and Dr. Birgit M. PruR. 2013. WMC Microbiology. WMC004409.

2 The Literature Review is a combination of the above paper and additional information to
address the entirety of the thesis. Paragraphs that are taken from the paper are indicated as
[Irsfeld, Spadafore, PriR, 2013]. References are provided at the end.



component signaling, which permit the regulation of biofilm amounts by introducing or
modulating external signals . Quorum sensing allows bacteria to communicate amongst one
another within the biofilm and two-component signaling allows the bacteria to elicit a response
when there are changes in their environment 291,

Cell to cell communication within the biofilm, quorum sensing, results in a coordinated
community response due to shifts in gene expression !X, Responses elicited from the biofilm due
to quorum sensing include competence, conjugation motility, sporulation, biofilm formation, and
many other virulence factors 2. One example of this is that in Escherichia coli, production of
virulence factors and toxins are facilitated through quorum sensing 231,

Each two-component system requires a sensor kinase, which is activated by a signal from
the environment. This results in autophosphorylation of a histidine, which then transfers the
phosphate to the response regulator [*4l, In E. coli, there are 37 two-component systems that are
triggered by a variety of different environmental changes [*°1. One example of a two-component
system E. coli has is the EnvZ/OmpR whose response regulator is OmpR and responds to
changes in external osmolarity. This causes increased expression of csgBAC, resulting in
increased biofilm formation 1261,

One example of utilizing two-component signaling as a mechanism to control biofilm
amounts is the regulation of the FIhD/FIhC complex by the phosphorylated forms of OmpR and
RcsB in E. coli K-12 071, 1t was first suggested by Silverman et al. that an operon, consisting of
multiple genes, controlled flagellar assembly and function in E. coli 8. The two regulatory
subunits of the FIND/FIC complex were later sequenced 9. It was later shown that FIhD/FIhC
was a global regulator involved in many cellular processes 2%, such as cell divison 211, Acetyl-

phosphate was shown to be a global signal, which regulated the synthesis of cell surfaces



structures, like flagella and type | fimbriae, and physically altered biofilms formed by E. coli K-

12 mutants 221,
Water Jet

As described above, biofilms are ubiquitous and can have very detrimental effects on
human health. The physical characteristics of the surfaces can play a role in the initial attachment
of a biofilm or it can affect how easily that biofilm can be removed. Surface roughness was
shown to promote increases in biofilm formation and promote bacterial settlement of Geobacter
sulferreducens grown on steel cathodes 231, Removal of biofilms has also been shown to be
dependent on the chemical characteristics of the material which surfaces are made of. An
example of this is when Bacillus subtilis and Pseudomonas fluorescens biofilms were grown on
stainless steel and polymethyl methacrylate (PMMA); increased removal of biofilms was seen on
stainless steel in comparison to PMMA [241, Stainless steel and plastics, like PMMA, are used in
many industrial settings, where conditions can promote biofilm formation 25271,

Adhesion strength of biofilm bound bacteria that is dependent on the physical and
chemical characteristics of the surface, as well as the biology of the bacteria can be determined
with the water jet apparatus 281, The water jet apparatus consists of three plate stacking hotels
which can house a combined 39 multiwell plates, a five axis robotic arm from Thermo
Corporation to bring the plates over to the water jet, and the actual water jet. The water jet is off-
center spinning jet to illicit a water stream into the bottom of the wells of a 24-well plate. The
water jet is set off-center because this allows the water to cover more surface area than if a
stationary, impinging jet was used. A coupling gear motor to a rotating hydraulic shaft allows the
nozzle to spin. The nozzle spins at 120 rpm, which can make ten rotations in only 5 s. The nozzle

is off-set 3.5 mm and rotates in a circle with a diameter of 7 mm, which covers the 15 mm



diameter well. Pressurized tanks are highly regulated to control the pressure of the water jet
released from the nozzle [28: 2],

Originally, the water jet apparatus was developed as a way to test adhesion strength of
marine microorganisms to antifouling coatings with the ultimate goal to prevent marine
biofouling of ship hulls %, Cellulophaga lytica and Halomonas pacifica, both bacteria, and
Navicula incerta, a diatom, were used to investigate the effect of antifouling (AF) and fouling-release
(FR) surface coatings. A high throughput study was used to test 24 unique coating compositions and
identify the AF/FR of the surface coatings. Surface energy, water contact angle hysteresis, and
atomic force microscopy (AFM) were used to determine AF/FR of the surface coatings. Composition
of the coatings were found to influence AF/FR interaction with the bacteria and diatom when
analysis was performed using ANOVA B,

Other studies using Halomonas pacifica have been done to develop the technique and
determine the parameters to effectively quantify biofilm removal from coatings on ship hulls [28],
For this thesis, the water jet technique has been modified as a screen to determine the stability of
bacterial biofilms of E. coli K-12 mutants 2. Future experiments using the water jet will be
focused on screening biofilm adhesion strength of E. coli strains on different coatings. The
coatings can be integrated with antimicrobial chemicals, such as PEA, which could be developed

into biofilm prevention materials in the future.

R-phenylethylamine, a small molecule with a large impact [Irsfeld, Spadafore,
PriRg, 2013]

Chemical properties of PEA
PEA is known under a variety of names including -phenylethylamine, -

phenethylamine, and phenylethylamine. According to the International Union of Pure and



Applied Chemistry (IUPAC), the proper name of PEA is 2-phenylethylamine. Its molecular
formula is denoted by CgH11N. The general information on and the chemical properties of PEA
are summarized in Table 1.

Table 1. General information on and chemical properties of PEA. Information was taken
from the Compound database from the NIH (http://pubchem.ncbi.nlm. nih.gov) and the Material
Safety Data Sheets (MSDS) from TCIl America.

Solvent Solvent dependent properties Reference
independent
properties
In ddH.0 In lipid In Plasma
Alternative | phenylethylamine, NA NA NA http://pubchem.n
names B-phenylethylamine, cbi.nlm.nih.gov
2-phenylethylamine,
benzeneethanamine,
phenethylamine,

B-phenethylamine,

2-phenethylamine
Molecular CgHuN NA NA NA http://pubchem.n
Formula cbi.nlm.nih.gov
Molecular 121.17964 g/mol NA NA NA http://pubchem.n
weight cbi.nlm.nih.gov
Companies Forest Health, NA NA NA NA
that sell Vitacost, Amazon,
PEA Walmart
Toxicity Mouse LDsg (oral) NA NA NA MSDS, TClI

400 mg/kg America
Solubility NA High Low High MSDS, TClI
solubility | solubility | solubility [33, 34]

Half life NA NA NA ~5-10min [34]

Natural occurrence and biological synthesis of PEA
The occurrence of PEA and its derivatives has previously been reviewed B%. PEA can be
found in many algae %, fungi and bacteria 7 as well as a variety of different plant species [,

PEA is the decarboxylation product of phenylalanine.



In several bacterial species, the decarboxylation is catalyzed by the enzyme tyrosine
decarboxylase, which also converts tyrosine to another trace amine, tyramine 3% 49 Intriguingly,
PEA synthesized by fungi and bacteria can also be found in food products 4, where it serves as
an indicator of food quality and freshness. Such foods include the Korean natto 3"l and commercial
eggs [“2. Another food that contains PEA is chocolate, where it is not produced by bacteria, but
during the thermal processing of cocoa [“3l. PEA can also be found in members of the family
Leguminosae, which is the second-largest family of seed plants and is comprised of trees, shrubs,
vines, herbs (such as clover), and vegetables (such as beans and peas).

PEA has also been found in the brains of humans and other mammals 14 451, This is
attributed to the high solubility of PEA in plasma and its ability to cross the blood-brain barrier
[481 Like its a-methylated derivative, amphetamine, PEA has stimulant effects which lead to the
release of so called biogenic amines, including dopamine and serotonin 17481, Unlike
amphetamine, PEA is rarely found in high concentrations in the human body, due to its oxidative
“deamination to phenylacetic acid by the enzyme B monoamine oxidase (MAQ) 191,
Phenylacetic acid has an effect that is similar to the activity of the natural endorphins, an effect
that is known as a “runner’s high”.

Due to its impact on the levels of several ‘feel good hormones’ (see above), PEA has
recently gained popularity as a nutritional supplement that is sold by numerous health stores to
improve mood. Since it also decreases the amount of water intake, it aids weight loss efforts 5%,
Altogether, PEA appears to have a number of positive effects on human health without the risks

of its structural relatives.



Chemical synthesis of PEA

Two different pathways that lead to the chemical synthesis of PEA have been established
in the 1940s and 1950s. First, PEA is produced by reduction of a nitrile into an amine 5. A second,
simpler way of producing PEA is to reduce wo-nitrostyrene with lithium aluminum hydride in ether
521 The experimental procedure that employs the use of lithium aluminum in reduction reactions
follows the mechanism used in a Grignard synthesis.

Recent literature focuses on the biological synthesis of PEA, rather than the chemical one.
1-phenylethylamine can be synthesized by Escherichia coli overexpressing o-transaminase %,
Likewise, the PEA biosynthetic enzyme from Enterococcus faecium can be expressed in E. coli,
which leads to large amounts of L-phenylalanine and tyrosine decarboxylase activity 4.
Intriguingly, PEA can serve as a substrate for the synthesis of other drugs, such as sulfonamides
that are being used as anti-microbials [*°],

PEA as a neurotransmitter

PEA is a member of the so-called trace amines (reviewed by Premont et al 1), The
expression “trace amine” is used to refer to a group of amines that occur at much lower intra- and
extra-cellular concentrations than the chemically and functionally related biogenic amines and
neurotransmitters epinephrine, norepinephrine, serotonin, dopamine, and histamine. The
molecular mechanism of the trace amines involves binding to a novel G protein-coupled
receptor, called TAAR (trace amine-associated receptor) 7581 the most studied of which,
TAARL, can be activated by the drug amphetamine as well 7. The downstream events that
follow the initial interaction of PEA and TAARL are not nearly as well understood as the
receptors and their various ligands themselves % it is however believed that binding of PEA to

TAARL results in an alteration of the monoamine transporter functions, which leads to inhibition



of the re-uptake of dopamine, serotonin, and norepinephrine %, Eventually, this will cause an
increased concentration of these neurotransmitters at the synapses. A similar increase in the
synaptic concentrations of dopamine can be accomplished by blocking the dopamine transporter
directly. Methylphenidate is an example of a class of drugs that can perform this blockage [©*.
Figure 1 is a graphic representation of the regulatory pathway from the trace amine PEA to the

increased concentration of the biogenic amines and neurotransmitters dopamine and serotonin.



Figure 1: Schematic of the inhibition of the dopamine and serotonin receptors by PEA,
amphetamine, and methylphenidate. Panel A shows the normal action of release and re-uptake
of the biogenic amines dopamine and serotonin. Panel B shows the inhibition of the re-uptake
transporters by PEA, amphetamine, and methylphenidate.

Serotonin € | dopamine -, serotonin receptor Il , dopamine receptor I ,

Wiz -

PEA & | amphetamine 7% methylphenidate =
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PEA and other amines in food as a result of microbial contamination

Some foods that contain microorganisms can release high levels of amines, including the
trace amines PEA, tyramine, and tryptamine, the biogenic amine histamine, and the polyamines
putrescine and cadaverine %21, Such amines are formed by bacteria of the genera Lactobacillus,
Clostridium, Pseudomonas, and Enterobacteriaceae that contain amino acid decarboxylases,
which remove an a-carboxyl group from the respective amino acid [62 631,

This increased concentration of amines is due to bacterial metabolic processes and is
commonly associated with foods and food products made through the process of fermentation
41 A good example of this is the “cheese reaction”, which refers to high levels of tyramine as a
result of elevated levels of tyrosine in cheese that has had increased storage times at temperatures
higher than recommended by the producer. As mentioned earlier, PEA can be a by-product of the
tyrosine decarboxylase reaction because the same enzyme that is capable of converting tyrosine
to tyramine can also metabolize phenylalanine to PEA 9. In individuals taking monoamine
oxidase inhibiting drugs, the ‘cheese reaction’ can result in a hypertensive crisis [#>67,

A second group of food or food product that contains elevated levels of amines is meat
and/or fish (6879 where amine production is part of the food spoilage reaction and can be used as
an indicator of food freshness and quality. Specifically, bacteria from the families
Enterobacteriaceae and Pseudomonadaceae can produce cadaverine and putrescine in spoiled
turkey meat. Fraqueza and coworkers suggested to use tyramine, putrescine, and cadaverin to
quantify meat freshness "Y1, In vegetables, high levels of tyramine were only seen in brine, unless

the vegetables were contaminated prior to processing or the temperature and storage time were

extreme 72,
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Since elevated levels of amines are usually an indicator of food spoilage, it is possible to
use detection of amines as an indicator of food freshness. One such technique is thin-layer
chromatography to separate and identify amounts of tyramine and PEA ["3],

PEA as a modulator of bacterial gene expression

Above we mention contamination and food spoilage by bacteria. One such initially
contaminated food can cross-contaminate additional food products through the food processing
chain because of the bacteria’s ability to attach to food contact surfaces and form biofilm "4,

Recent research advances that are aimed at the prevention of biofilms include the
manipulation of the bacteria’s signal transduction pathways, including quorum sensing ["® and
two-component signaling [®1. One such environmental signal that bacteria can respond to is
PEA, but the mechanism through which this is occurring needs more investigation. PEA was
found to have the greatest inhibitory effect of 95 carbon and 95 nitrogen sources screened for
their effect on E. coli O157:H7 growth, bacterial cell counts, and biofilm amounts. In liquid beef
broth medium, PEA reduced biofilm amounts, bacterial cell counts, and planktonic growth of E.
coli O157:H7. In a final experiment, bacterial cell counts of E. coli O157:H7 were determined
from beef meat pieces that were treated with different dilutions of PEA and subsequently
inoculated with the bacteria; this resulted in a 90% reduction of bacterial cell counts when the
beef was treated with a concentration of PEA at 150 mg/ml. We were unable to determine
biofilm formation on the beef meat pieces ["). The question arises whether it could be possible to
integrate PEA into novel biomaterials that can then be used to coat food processing equipment to
prevent biofilm formation on such equipment and cross contamination during the food

processing chain.
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Objectives for this thesis

Objective I constitutes the physical component of treatment of biofilms. This aim
investigates the effect of E. coli K-12 isogenic mutants on biofilms mechanical stability, which
was tested with the automated water jet. This Aim is addressed in Chapter I.

Objective Il constitutes the chemical component of treatment of biofilms, investigating
the effect of PEA on growth and biofilm amounts of bacterial pathogens. This Aim is addressed
in Chapter II.

A general Discussion is included at the end of this thesis which combines important

observations and future perspectives for both Specific Aims.
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CHAPTER 2. WATER JET EXPERIMENT?

Introduction

Biofilm research has grown dramatically over the past two decades due to an ever
increasing appreciation of the immense impact that these microbial communities have in so
many different settings and aspects of our daily lives. Accordingly, numerous studies have been
undertaken during this time to unravel the complexities and intricacies associated with the
biofilm mode of life, including those that have probed the general processes that regulate and
control biofilm growth and development ! to detailed studies that have focused on the
characterization of the biofilms three dimensional architecture '8 7%l the monitoring of gene
expression profiles 882 the measurement of antibiotic susceptibility/resistance [ and the
examination of horizontal plasmid transfer [, just to name a few.

Another important facet of the biofilm phenotype that has gained attention in recent years
is the study of its physical and rheological properties, where factors such as surface roughness,
porosity, density, elastic modulus, tensile strength and yield stress work in concert with one
another to dictate the mechanical integrity and cohesive strength of the biofilm 3. The
mechanical integrity or stability of biofilms plays a pivotal role in the establishment of microbial
communities in industrial settings and engineered systems where high hydrodynamic shearing
conditions typically prevail, such as wastewater treatment plants [, drinking water distribution
systems 71 and heat exchangers (8. Several studies have been published in recent years that
have investigated various mechanical properties of microbial biofilms, employing sophisticated

tools such as atomic force microscopy, micro-cantilever devices, centrifugation and collision

3 Screening the mechanical stability of Escherichia coli biofilms through exposure to external,
hydrodynamic shear forces. Meredith Irsfeld, Birgit M. PraR3, and Shane J. Stafslien. 2014. J.
Basic Microbiol. 54:1-7.

13



devices and annular reactors [ &1 - Although these methods are highly effective and provide
robust and reliable information, they are often limited in regards to the number of samples,
treatments, strains or environmental conditions that can be evaluated at any one time.

This experiment was designed to develop a laboratory screening methodology that would
overcome these aforementioned limitations and facilitate quick assessments of the mechanical
stability of biofilms formed by isogenic mutants of E. coli K-12. The water jetting technique that
was employed for this purpose had previously been developed to rapidly characterize the
adhesion profile of microbial biofilms cultured on the surface of antifouling marine coatings 12,
One objective for this experiment was to identify an optimal combination of water jetting
parameters that would yield the largest difference in biofilm removal between one selected
mutant and its isogenic parent strain. A second objective, the water jetting technique was used
to assess the mechanical stability of a small number of mutants that were selected based upon

previous observations of biofilm growth 171,
Materials and methods

Bacterial strains

Bacterial strains were derivatives of the E. coli K-12 strain AJW678 1. As a
'housekeeping' mutation which would not be expected to affect biofilm amounts and/or stability,
we used the argD::gm (argD, acetylornithine aminotransferase) mutation from strain UU1246
which was moved into AJW678 by P1 transduction to yield strain BP1548. The fliA mutant
strain was AJW2145, containing a fliA::Tn5 22, The final two mutations affected acetate
metabolism and were previously associated with biofilm formation 722, The ackA pta mutant
was AJW2013 that contains a A(ackA pta hisJ hisP dhu) zej223-Tn10 deletion. The ackA

mutation was an ackA::TnphoA’-2 that was moved from CP891 [*! into AJW678 by P1

14



transduction to form strain BP1330. Complementation of BP1330 was performed by
transforming BP1330 with packA expressing ackA. This plasmid is part of the ASKA collection
of cloned open reading frames in pCA24 %2, To serve as a control vector, pHP45 lwas also
transformed into BP1330. Bacterial strains were maintained as freezer stocks at -80°C and plated
onto Luria Bertani (LB) plates prior to each experiment.
Formation of the biofilms

Overnight cultures in tryptone soy broth (TSB) were pelleted by centrifuging at 4,500 g
for 10 min. Bacteria were resuspended in 10 ml of 1 x phosphate buffered saline (PBS). Cultures
were adjusted with PBS until their optical density values at 600 nm (ODeoo) was 0.7 + 0.05. The
final inocula were prepared by diluting the PBS cultures 1:100 in TSB and used to inoculate
individual wells of a 24-well polystyrene plate (1 ml/well). The plates were then incubated
statically for 24 h at 37°C.
Water-jetting

Water jet treatments were carried out using an automated apparatus as described
previously 281, Briefly, liquid culture was removed from the wells by inverting the plates over a
waste container, the remaining biofilms were rinsed twice with 1 ml of PBS. The plates were
inserted into one of three plate stacking hotels and subjected to water jet treatments. The plates
were sequentially removed from the hotel and inverted over the water jet nozzle with the aid of a
five axis, robotic arm. Water jetting pressures ranged from 3 psi to 20 psi at 5 s of jetting
duration. The first column of each plate was left untreated (i.e., 0 psi) to quantify the initial
amount of biofilm growth. In a second experiment, the water jetting duration was varied from 1
to 10 seconds and held at a constant pressure of 5 psi. The retained biofilms from both

experiments were allowed to air dry for at least 1 hour.
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Quantification of biofilms

To quantify the amount of biofilm retained in the wells after water jetting, the crystal
violet (CV) staining method was used [***°1, 1.0 ml of 0.35 % CV in ddH.O was added to each
well of the 24-well plates and incubated at room temperature for 15 min, then rinsed three times
with 1.0 ml of ddH>O. The plates were then inverted and tapped against an absorbent pad and
allowed to dry at ambient laboratory conditions for 1 h. Images of the 24-well plates were
captured [°® and the CV was extracted by adding 500 pl of 33% acetic acid to each well,
followed by 15 minutes of incubation. 0.15 ml of each extract was then transferred into a 96
well plate and the ODgoo measurements were determined with a Safire? plate reader (Tecan,
USA).
Analysis of the biofilm removal data

Each mutant strain or complemented strain was processed three times together with the
parent strain and compared to the parent strain that was processed on the same day. Biofilm
removal was determined as follows: % biofilm removal = (1-(ODeooJ / ODsooNJ)) x 100, where
ODs0oJ is the ODegoo value of the jetted wells and ODeooNJ the ODsqgo Value for the wells that did
not get water jetted. Averages and standard deviations were determined for the triplicate
experiments and plotted as a function of the water jetting pressure or water jetting duration.
Statistical analysis was carried out using a one-way ANOVA and a Tukey’s range comparison
test (o = 0.05) to determine the statistical significance of the differences in the mean percent

biofilm removal values between each mutant and its isogenic AJW678 parent strain.
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Results and discussion

Water jet pressure has a larger effect on biofilm removal than duration of water jetting

In the first experiment of this study, the amount of biofilm removal as a function of water
jetting duration was characterized. In this regard, biofilms cultured in polystyrene plates for 24 h
for the E. coli K-12 strain AJW678 and its isogenic ackA pta mutant AJW2013 were subjected to

varying durations of water jetting (1 to 10 s) at a fixed water jet pressure (5 psi) (Fig. 2).
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Figure 2. Biofilm removal as a function of water jetting duration (Panels A and B). Panel A
shows two rows of a 24-well plate representing AJW678 and AJW2013 (ackA pta) after water
jetting at different duration and CV staining. The first well is the untreated control (0 s) and the
subsequent wells (2-6) show increases in duration of water jetting (1-10 s) held at a constant 5 psi.
Panel B is the quantitative data of the same data in Panel A, averaged across all replicates.

Panel A displays a representative set of images of biofilm removal after CV staining of
the biofilms in the 24 well plates. A cursory inspection of these images reveals an obvious

difference in the mechanical stability of the biofilms between these two strains, where
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considerably more biofilm removal was achieved for the ackA pta mutant than its parent strain.

It is important to note here that the circular-shaped rings/zones of clearing that are visible in the
center of the wells for the parent strain in Panel A indicate areas where the pressurized stream of
water directly impacted the well bottoms as the nozzle rotated during the water jetting
treatments; thus removing the biofilm at those points of impingement. Panel B in Fig. 2 provides
the corresponding quantitative analysis of the data obtained from absorbance measurements (600
nm) of the acetic acid extractions of the CV dye. For both strains, more than half of the biofilm
was removed after 1 s of water jet duration, with only a marginal increase (8-12%) in removal
observed across the subsequent 9 s of water jetting. The largest difference between the two
strains (~20% biofilm removal) was observed after 5 s of water jetting.

Using a fixed water jet duration of 5 s, the effect of varying the water jet pressure (3 psi
to 20 psi) on the difference in biofilm stability between the ackA pta mutant and parent strain
was subsequently examined. As shown in Fig. 3A and B, the amount of biofilm removal
increased steadily with increasing water jet pressure for both strains. It is evident that
substantially more biofilm was removed for the ackA pta mutant than for the parent strain at the
lower range of pressures. In this regard, the two lowest water jetting pressures evaluated, namely
3 psi and 5 psi, resulted in approximately 20% more biofilm removal for the ackA pta mutant.
The difference in removal between the two strains became less pronounced as the water jet
pressure reached 15 and 20 psi, with both strains approaching 90% removal of the biofilm. Even
though these differences were not as pronounced at the higher water jet pressures, a larger
amount of biofilm was still removed for the ackA pta mutant at each water jetting pressure
examined, providing compelling evidence that the mechanical integrity of the biofilms produced

by the mutant strain were markedly less stable or weaker than that of the parent strain. Based on
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the results from these experiments, a fixed water jet duration of 5 s and a pressure range of 3 psi
to 10 psi was determined to be an optimal set of parameters for elucidating differences in biofilm

stability among isogenic strains of E. coli K-12.
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Figure 3. Biofilm removal as a function of water jetting pressure (Panels A and B). Panel A
shows two rows of a 24-well plate representing AJW678 and AJW2013 (ackA pta) after water
jetting at different water pressures and CV staining. The first well is the untreated control (0 s)
and the subsequent wells (2-6) shows increases in water pressure (3-20 psi) held for 5 s. Panel B
is the quantitative data of the same data in Panel A, averaged across all replicates.

Mutations in flagella biosynthesis and acetate metabolism result in mechanically less stable

biofilms

Biofilm amounts of AJW678, the argD housekeeping strain, the fliA flagella mutant and
both acetate mutant strains (ackA and ackA pta) were determined prior to water jetting, which is
displayed in Fig. 4. The biofilm amounts prior to water jetting of AJW678, argD, fliA, and ackA

were very similar, whereas the mutant lacking fimbrae (fimA) formed very little biofilm.
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However, the acetate double mutant (ackA pta) formed twice as much biofilm prior to water
jetting as the parent strain. The fimA isogenic mutant formed no biofilm prior to water jetting,
which may be an indication that fimbrae plays important role in establishing an initial attachment

required for biofilm formation.
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Figure 4. Biofilm amounts prior to water jetting. Quantitative data prior to water jetting of
biofilm amounts of the parent and mutant strains were determined, averaged across all replicates.

Fig. 5 summarizes the biofilm removal profiles for the argD housekeeping strain, the fliA
flagella mutant, both acetate mutant strains (ackA and ackA pta), and the ackA mutant that was
complemented with the packA plasmid. The experiment was done using the optimal water jetting
parameters identified in the experiments discussed above (the 15 psi and 20 psi water jet
pressures were also included to clearly illustrate the difference in removal profiles among the

isogenic strains).
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Figure 5. Biofilm removal data. Panel A-D show quantitative removal data and qualitative CV
staining after water jetting. Panel A compares biofilm removal between the parent and
housekeeping mutant argD, Panel B compares the parent to the fliA mutant, Panel C to the ackA
mutant, and Panel D to the ackA pta mutant. The complementation experiment data is shown in
Panel C, represented by the two additional dotted lines. The closed diamond with dotted line
represents the positive control vector, while the open square with dotted line represents ackA
expressing plasmid. Averages and standard deviations of the quantitative data were calculated
across all replicates. In the bottom right corner of each graph are CV images after water jetting;
the first well represents the untreated control (0 s) and the subsequent wells (2-6) shows
increases in water pressure (3-20 psi) held for 5 s.

The removal profile for the argD housekeeping strain was very similar to that of the
AJWG678 parent strain (Panel A) and the p-values from the Tukey’s test (Table 2) indicated a lack
of statistical significance for these differences. This demonstrates that the mutagenesis process

itself (i.e., P1 transduction), does not render biofilm from the isogenic mutants less mechanically
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stable than that from the parent strain. In contrast, the fliA, ackA, and ackA pta mutants exhibited
more biofilm removal than the AJW678 parent strain at each water jet pressure evaluated (Panels
B, C and D, respectively), and in most instances, these observed differences were determined to

be statistically significant (Table 2).

Table 2. Statistical analysis of the biofilm removal data. Differences in biofilm removal are
considered statistically significant with a p-value less than 0.05. These are indicated with the
bold print.

Strains Water jet pressure

3 psi 5 psi 10 psi 15 psi 20 psi
BP1548 argD 0.0592 0.2430 0.3372 0.0462 0.1237
AJW2145 fliA 0.0944 0.0085 <0.0001 <0.0001 0.0024
BP1330 ackA 0.0061 0.0003 <0.0001 0.0003 0.2239
BP1330 packA 0.3424 0.2669 0.2253 0.8003 0.1662
BP1330 pHP45 0.0006 0.0002 <0.0001 0.8646 0.6159
AJW2013 ackA pta 0.0002 <0.0001 <0.0001 0.0294 0.005

For the fliA mutant, the largest difference in biofilm removal (15%) from the parent was
observed at 10 psi (Panel B). Significantly more removal was also observed at the 5 psi (10%; p
=0.0085), 15 psi (8%; p<0.0001) and 20 psi (6%; p = 0.0024) water jet pressures, while the
removal exhibited at 3 psi was statistically equivalent (p = 0.0944) to the parent strain. Thus,
flagella appears to play an important role in establishing the cohesiveness and mechanical
stability of E. coli biofilms even after 24 h of incubation, which is a considerable length of time
after the reversible attachment phase (typically characterized by the production of flagella)

would have been completed. These results support the findings of a recently published study
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which showed that flagella are used by E. coli as key architectural elements to construct and
reinforce the biofilm superstructure €71,

When considering the acetate mutants, both the ackA and ackA pta strain exhibited the
largest difference in biofilm removal (17%) at lowest water jet pressure evaluated (3 psi) when
compared to the parent strain (Panels C and D). The ackA pta double mutant also showed 17%
more removal at 5psi, with 10% more removal being attained at 10 psi and approximately 3%
more biofilm removed at 15 psi and 20 psi. The differences in biofilm removal at all five
pressures were determined to be statistically significant for this strain (Table 2.). For the ackA
single mutant, the difference in biofilm removal dropped to 10% (down from 17%) for both the 5
psi and 10 psi pressures, with only the 10 psi pressure determined to be statistically significant (p
=0.0039). It is apparent from this data set that mutations introduced into acetate metabolism
have an adverse effect on the overall integrity and stability of E. coli biofilms. This may be due,
at least in part, to the impairment of the resulting mutants’ ability to produce either flagella
(ackA) or type-1 fimbriae (ackA pta), which have both been shown to play a significant role in
the biofilm developmental process 22, Panel C includes the biofilm removal profiles of the ackA
expressing plasmid (open square dotted line) and the pHP45 control vector (closed diamond
dotted line). The ackA expressing plasmid has a biofilm removal profile that is statistically not
significant from the parent strain which is displayed in Table 2. The similarity in the biofilm
removal profiles between the parent strain and BP1330 with the ackA expressing plasmid shows
restoration of the ackA mutation. This indicates that the difference in stability between the parent
strain and the mutant is really due to the lack of the ackA gene and not some other chromosomal

defect. To further ensure that the plasmid itself wasn’t causing the dramatic biofilm removal,
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pHP45 was transduced into BP1330 as a control vector. Similar biofilm removal profiles

between the ackA mutant and BP1330 with pHP45 were seen.
Concluding remarks

A water jetting technique has been used to quickly probe the mechanical stability of
biofilms produced by isogenic strains of E. coli K-12. Mutations introduced into flagella
biosynthesis and acetate metabolism were shown to significantly impair the integrity of biofilms
cultured for 24 hours, which resulted in more biofilm removal for the mutants when compared to
their parent strain. It is envisioned that this technique will be employed as a beneficial tool in
future experiments to screen large sets of isogenic mutants under a wide range of environmental
conditions to identify critical factors that contribute to the biomechanical stability of biofilms.
Such information may be used to develop new and effective strategies for the control of biofilm

formation in environments where biofilms are exposed to high shearing forces.
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CHAPTER 3. B-PHENYLETHYLAMINE EXPERIMENT

Introduction

Biofilms are defined as complex communities of bacteria that form on a variety of
surfaces and can occur in many natural, environmental, clinical, and food processing settings [X1.
Environmental biofilms can be found in natural waters, water-treatment plants, and chlorinated
distribution networks, as well as in the soil, and on plants [*8l. In the case of food processing,
Escherichia coli O157:H7 and other microbes associated with food-related illnesses can be
spread to beef, poultry, and vegetables from the equipment, surfaces, and containers used in
different stages of food processing %191, It is estimated that 48 million people annually ingest
microbe contaminated food products in the United States alone, which costs billions a year in
medical and workers compensation expenses 292, In clinical settings, bacterial biofilms can
form on implants, heart valves, joint prostheses and urinary catheters implanted into the human
body. Pseudomonas aeruginosa and Methicillin Resistant Staphylococcus aureus (MRSA) are
examples of pathogens linked with chronic biofilm associated infections (103 1041,

Unfortunately, eradication of biofilms with conventional methods in these settings is
becoming harder with the influx of antibiotic resistant bacteria [1% 1%l Bjofilm preventing
technologies, such as silver coatings or embedded silver nanoparticles, have advanced as our
technology has [2°: 181 Other strategies have focused on new treatment options for biofilms, like
combinations of antibiotics with antimicrobial peptides and superheated steam 29111 However,
any strategies that are aimed at killing the bacteria encourage microbial resistances; while silver
and other coatings have high production costs. Some researcher are trying to address both of
these problem by focusing research on signal transduction pathways, which aims to regulate

bacterial phenotypes by introducing or modulating external signals ©I.
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One such signal transduction pathway is two-component signaling, which allows bacteria
to respond to signals in their environment and was reviewed by Lynnes et al ["®1. One example of
utilizing a two-component system as a mechanism for prevention of biofilms is the FInD/FIhC
complex in E. coli K-12 71, FIhC, a flagella regulator, was found to reduce cell division, biofilm
amount, and virulence of E. coli 0157:H7 grown on meat 1?1, Another study screened 190
chemicals for their effect on E. coli O157:H7 growth, planktonic bacterial counts, and biofilm
amounts. Among these chemicals, PEA had the greatest inhibitory effect. This effect of PEA was
also seen when pieces of beef were treated with PEA prior to inoculation with E. coli O157:H7
[77]_

During this study, an experiment was developed to demonstrate the effectiveness of PEA
on bacterial biofilms and growth of different strains and determine ICso values. 1Cso values
determine at what concentration bacterial growth and biofilm amounts are reduced to 50%. One
objective for this experiment was to examine the effect of PEA on biofilm amounts, growth, and
biofilm stability on the nonpathogenic strain of E. coli, AJW678. The second objective was to
investigate the effect of PEA on biofilm amounts and growth of pathogenic strains of P.
aeruginosa and S. aureus.

Materials and methods
Bacterial strains

Bacterial strains used include E. coli K-12 strain AJW678, which is the wild type for
acetate metabolism and biosynthesis of flagella, type | fimbriae, and colanic acid 9. P,
aeruginosa (American Type Culture Collection, ATCC 15442) and S. aureus (American Type
Culture Collection, ATCC 25923) were kindly provided by Shane J. Stafslien (Center for

Nanoscale Science and Engineering Fargo, ND). Bacterial strains were maintained as freezer
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stocks at -80°C in 8% dimethyl sulfoxide (DMSO). Prior to each experiment, AJW678 was
plated onto Luria Bertani (LB) plates. P. aeruginosa and S. aureus were plated onto tryptone soy
agar (TSA) and the plates were incubated over night at 37°C.
Formation of the biofilms

Liquid overnight cultures in tryptone soy broth (TSB) were pelleted by centrifuging at
4,500 g for 10 min. Bacteria were resuspended in 10 ml of 1 x phosphate buffered saline (PBS).
Cultures were adjusted with PBS until their optical density values at 600 nm (ODgoo) was 0.7 +
0.05. The final inocula were prepared by diluting the PBS cultures 1:100 in 2 x TSB. Dilutions of
PEA were prepared in PBS; PEA concentrations ranged from 0 mg/ml to 100 mg/ml. A 1:1
dilution of final inocula and PEA solutions were used to inoculate individual wells of a 24-well
or 96-well polystyrene plate (1 ml/well). This yields an inoculation ODeggo 0f 0.035 in 1 x
TSB/0.5 x PBS and a PEA concentration range from 0 to 50 mg/ml. The plates were then
incubated statically at 37°C. The experiments were done on three replicated plates. For the 24
plates, each bacterial strain was processed twice per plate. For the 96 well plates, each plate
contained eight replicates of the same strain.
Determination of bacterial growth

Growth was monitored by using a Synergy H1 Hybrid Reader (BioTek Instruments, Inc.,
Winooski, VT), which recorded ODeoo every 2 h for 48 h at 37°C. Growth curves were plotted
using the ODsoo readings every 2 h for 48 hrs. Two analyses were performed. First, the
maximum velocity was calculated. Maximum velocity is the slope of the line on the growth
curves, where the bacteria is growing at the fastest rate. Averages and standard deviations of
maximum velocity were determined over 18 replicates when the bacteria was grown on 96-well

plates and over 6 replicates when the bacteria was grown on 24-well plates. These data are
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presented as bar plots, where each bar represents one concentration. Statistical analysis software
(SAS) was used to analyze this data. Per the recommendation of our statistician we used Fisher’s
Least Squared Difference (LSD) to determine the statistical significance of the difference
between the growth means for each concentration when compared to the mean growth of the
concentration 0 mg/ml. Second, for a subset of the data, the time it took the bacteria to grow to
stationary phase was compared. For this analysis, averages and standard deviations were
determined across the 18 (or 6) replicates at each time point. These data are presented as line
plot, where each line represents one concentration.
Determination of biofilm amounts

To quantify the amount of biofilm retained in the wells after 48 h, the crystal violet (CV)
staining method was used 4 %1, 1.0 ml of 0.35 % CV in ddH.0 was added to each well of the
24-well plates and incubated at room temperature for 15 min, then rinsed three times with 1.0 ml
of ddH20. The plates were then inverted and tapped against an absorbent pad and allowed to dry
at ambient laboratory conditions for 1 h. The CV was extracted by adding 500 pl of 33% acetic
acid to each well, followed by 15 minutes of incubation. 0.15 ml of each extract was then
transferred into a 96 well plate and the ODgoo measurements were determined with a Synergy H1
Hybrid Reader (BioTek Instruments, Inc., Winooski, VT). Averages and standard deviations
were determined across the three independent experiments for biofilm amounts and growth. SAS
was used to analyze this data using LSD to determine the statistical significance of the difference
between the growth (and biofilm amounts) means for each concentration when compared to the

mean growth of the concentration 0 mg/ml.
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Effect of p-phenylethylamine on water-jetting AJW678

PEA was added to cultures of AJW678 at concentrations of 0 mg/ml and 2 mg/ml.
Biofilms were allowed to form on 24 well polystyrene plates for 24 h at 37°C. Water jet
treatments were carried out on the biofilms, using an automated apparatus as described
previously 281, Briefly, liquid culture was removed from the wells by inverting the plates over a
waste container, the remaining biofilms were rinsed twice with 1 ml of PBS. The plates were
inserted into one of three plate stacking hotels and subjected to water jet treatments. The plates
were sequentially removed from the hotel and inverted over the water jet nozzle with the aid of a
five axis, robotic arm. Water jetting pressures ranged from 3 psi to 20 psi at 5 s of jetting
duration. The first column of each plate was left untreated (i.e., 0 psi) to quantify the initial
amount of biofilm growth. The retained biofilms from both experiments were allowed to air dry
for at least 1 hour. CV extraction was used to quantify biofilm amounts and biofilm % removal
was determined as described [°* %1,

Biofilm removal was determined as follows: % biofilm removal = (1-(ODsooJ /
ODs0oNJ)) x 100, where ODegooJ is the ODsoo value of the jetted wells and ODsooNJ the ODeoo
value for the wells that did not get water jetted. Averages were determined for 12 replicates.
Biofilm removal in percent was plotted as a function of the water jetting pressure.
Determination of 1Cso values for f-phenylethylamine

ICso values for PEA was determined for growth and biofilm amounts of each bacterial
strain, using curve fitting as previously described [*** 141, Master Plex® Reader Fit analysis
software (Hitachi Solutions American, Ltd., San Francisco, CA) was used to find the best curve
fit for both assays; the software utilizes a four or five parameter logistics curve fitting model 51,

ICsp values are used to determine the effectiveness of PEA because it tells us the concentration at
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which the bacterial growth and biofilm amounts are reduced to 50%. Coefficient of
determination values (R?) are calculated with the software as a quantitative way to show how
well the curve actually fits. Higher R? values indicate confidence that the curve fits and the 1Cso
values are accurate.

Results and discussion

p-phenylethylamine reduces growth and biofilm amounts of AJW678
The E. coli K-12 strain AJW678 was grown on 96-well polystyrene plates in the presence
of a range of concentrations of PEA to test the inhibitory effect of this nutrient on growth and

biofilm amounts. Final concentrations of PEA ranged from 0 mg/ml to 50 mg/ml.

Maximum Growth of AJW678 (96-well plate)

?*******

Maximum Velocity at ODg,, (mOD/min)

0 0.025 0.05 025 1 2 3 4 5 10 20 50

Concentration of PEA (mg/mL)

Figure 6. Effectiveness of PEA on AJW678 growth in a 96-well polystyrene plate. AJW678
was grown in the presence of varying concentrations of PEA, shown on the x-axis. Averages and
standard deviations of maximum velocities (y-axis) were computed across all 18 replicates.
Asterisks indicate a statistically significant difference between the mean growth at the respective
PEA concentration in comparison to the mean growth at a PEA concentration of 0 mg/ml.

Fig. 6 represents the growth of AJW678 as maximum growth velocity in mOD/min,
calculated across the time frame where the bacteria doubled at the fastest rate. This data gives us

information about growth at an early phase of biofilm development in comparison to using final
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growth readings. Fig. 7 demonstrates the biofilm amounts as quantified by the CV assay after 48
h. In this experiment, it was demonstrated that PEA had inhibitory effects on both growth and
biofilm amount of AJW678. Overall, the inhibitory effect of PEA on biofilm amounts was more
gradual, and was not as steep as was seen for growth. Statistically, 1 mg/ml was the lowest

concentration at which inhibition was seen for both growth and biofilm amounts.
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Figure 7. Effectiveness of PEA on AJW678 biofilm amounts in a 96-well polystyrene plate.
AJW678 was grown in the presence of varying concentrations of PEA, shown on the x-axis.
Averages and standard deviations of ODeoo Values (y-axis) from the CV assay were computed
across all 18 replicates. Asterisks indicate a statistically significant difference between the mean
biofilm amounts at the respective PEA concentration in comparison to the mean biofilm amount
at a PEA concentration of 0 mg/ml.

Fig. 6 shows a 50% reduction in AJW678 growth at approximately 5 mg/ml of PEA. A
50% reduction in biofilm amount can be seen already at 1 mg/ml of PEA. Almost no, or very
little, bacterial growth or biofilm amount can then be seen after the concentration of PEA was
increased to 10 mg/ml and above. PEA has an inhibitory effect on both growth and biofilm
amounts of AJW678 at low concentration, which makes it a potential candidate to use in

materials for prevention of biofilms.
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An explanation of how this reduction in growth and biofilm amounts could be occurring
is through FIhD/FIhC. In a recent study by other researchers, PEA was shown to mimic
overexpression of DisA, phenylalanine decarboxylase, from Proteus mirabilis, which was
transformed into E. coli. Over expression of DisA in E. coli, as well as growing the bacteria with
PEA resulted in decreased motility, flagellar gene expression, and biofilm amounts. It was
hypothesized that PEA or biproducts of DisA decarboxylation affect the FIhD/FIhC complex
[116] Other research has identified other small molecules, like citrus limonoids, have the ability to
reduce biofilm formation through cell surface organelle genes, which have been shown to play a
role in biofilm formation. These include type 1 pili, flagella, and extracellular polymeric
substance 171201, Essential oils of thyme, oregano, and cinnamon have also been shown to
inhibit biofilm amounts, but little is known about the mechanism 1211, Further research needs to
be done to determine the exact mechanism by which PEA is acting to reduce growth and biofilm
amounts. However, in the future we could use PEA in industrial, environmental, and clinical
settings to reduce bacterial growth and biofilm amounts.

The surface area impacts the PEA effect on biofilm amounts, but not growth of AJW678

We next investigated the effect surface area has on differences in growth and biofilm
amounts of AJW678 grown in the presence of a range of concentrations of PEA. 24-well
polystyrene plates were used, providing a larger surface area than 96-well plates. Fig. 8
represents the growth of AJW678 as maximum growth velocity in mOD/min and biofilm
amounts on a 24-well plates. Comparison of Fig. 6, 7, and 8 demonstrates the effect surface area

has on the growth and biofilm amounts after 48 h on 96-well and 24-well plates.
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Figure 8. Effect of surface area on differences in growth and biofilm amounts. Panel A
shows the maximum growth velocities (y-axis) in the presence of varying concentrations of PEA
(x-axis). Panel B shows the biofilm amounts after 48 h. Asterisks indicate a statistically
significant difference between the mean growth (Panel A) and biofilm amounts (Panel B) at the
respective PEA concentration in comparison to the mean growth or biofilm amount at a PEA
concentration of 0 mg/ml.

In this experiment, it was demonstrated that surface area has an effect on differences in
PEA’s inhibition of growth and on biofilm amounts. We see that larger surface areas increase
differences in the inhibitory effect of PEA. The inhibitory effect of PEA on growth of AJW678
can be seen at 1 mg/ml on the 96-well and 3 mg/ml on the 24-well plates. With respect to
biofilm amounts, differences in biofilm amounts between 96-well and 24-well plates were more

dramatic. When comparing the initial amount of biofilm, six times more biofilm was seen on the
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24-well plates than on the 96-well plates. Higher amounts of biofilm were expected to be seen on
the 24-well plates because of the greater surface area. The 96-well plate yields gradual decrease
in biofilm amounts of AJW678 as concentrations of PEA are increased, compared to the abrupt
decrease in biofilm amounts seen on the 24-well plate. An inhibitory effect on biofilm amounts
on the 96-well plate can be seen at 1 mg/ml of PEA. On the 24-well plate, between 0 mg/ml and
4 mg/ml of PEA there is little change as the concentrations of PEA increase. It takes until 10
mg/ml of PEA to see the inhibitory effect on biofilm amounts on the 24-well plate. After 5
mg/ml of PEA, there is little biofilm amount seen on both the 96-well plate and 24-well plate.
The explanation for differences in inhibitory effect of PEA on 96-well and 24-well plates could
be due to the differences in surface area between the two; there is actually a higher concentration
of PEA in the 96 well plate versus the 24 well plate due to total surface area differences of the
wells. Another explanation could be due to oxygen availability, which has been shown to impact
susceptibility of P. aeruginosa when grown as planktonic bacteria and biofilms 1221,

In conclusion, PEA does have an inhibitory effect on growth and biofilm amounts of
AJWG678 regardless of the surface area. However, using the 24-well plate provides a greater
surface area, which may resemble more closely how PEA would behave in a clinical
environment (e.g. knee replacement). Therefore, it may be advantageous to use a plate with a
larger surface area when examining differences in growth and biofilm amounts and determining
ICso values of treatment solutions. Other physical properties, such as smooth or rough surfaces
and material type, like steel versus plastics, have been shown to effect the ability of bacteria to

form biofilms, which could also play a role in determining the inhibitory effect of PEA [23 24123,

124]
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p-phenylethylamine increases the time it takes AJW678 to reach stationary phase
Performing the above described experiments, it was noticed that PEA did not just
decrease the maximal growth velocity, but also appeared to have an impact on the time it took
AJW678 to reach stationary phase. The 24 well data set was subjected to a second analysis,
where entire growth curves (up to 35 h) were compared between the lower PEA concentrations

(1 to 5 mg/ml) (Fig. 9).
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Figure 9. The effect PEA has on the time it takes AJWG678 to reach stationary phase.
AJW678 was grown in varying concentrations of PEA, shown on the x-axis. Averages and
standard deviations of ODeoo values (y-axis) were computed across all 6 replicates.

When the concentration of PEA was increased from 1 mg/ml to 5 mg/ml it takes the
bacteria longer to reach stationary phase. At 5 mg/ml, it takes more than 20 h for AJW678 to
reach stationary phase and it takes 15 h to reach the rate where the bacteria are doubling the
fastest. In comparison, at 1 mg/ml, stationary phase is reached at 7 h and 4 h is where the
doubling rate of the bacteria is the fastest. This should be taken into consideration when

interpreting maximum growth velocities, because even though the doubling rate may appear to

be similar, it may take more time for the bacteria to reach this doubling rate. This indicates that
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PEA inhibits during the early stages of biofilm formation and that the use of PEA in conjunction
with standard operating procedures to prevent biofilms, can aid in the prevention of biofilms at
the initial stage of biofilm formation.
p-phenylethylamine affects biofilm stability of AJW678

The water jet was used to determine differences in the stability of the biofilms that
AJW678 had formed under different concentrations of PEA. PEA concentrations were chosen, at
which the bacteria were still able to form a biofilm. Using a fixed water jet duration of 5 s, the
water jet pressure was varied (3 psi to 20 psi). Biofilm amounts were quantified following water
jetting using CV extraction and are expressed as biofilm removal in percent (Fig. 10). A low

biofilm removal of 20% (orange line, first data point) is indicative of a high stability of the

biofilm.
AJW678 Biofilm Removal
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Figure 10. Biofilm removal as a function of water jetting pressure when AJW678 was
grown with PEA. Quantitative removal data is shown above, averages of the quantitative data
were calculated across all 12 replicates. The key to the right shows the concentrations of PEA in
which AJW678 was grown.

The hypothesis was that dramatic decreases in biofilm stability of AJW678 would be

seen when we increased the concentration of PEA. However, only slight differences in the
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removal percentage of the biofilms were seen as PEA concentrations increased. Furthermore, the
biofilm appeared to be more stable as the PEA concentrations increased to 1 %. One explanation
of this could be that at this low concentration of PEA, bacteria are breaking the chemical down
and utilizing it as a nutrient, which could contribute to more growth and stronger biofilms.
Investigation of higher concentrations of PEA may show a more dramatic effect on biofilm
stability %, Current research has investigated the affect shearing forces have on biofilms 125 1261
However, to my knowledge, nothing is known about the effect PEA in conjunction with shearing

forces has on biofilm stability.

p-phenylethylamine reduces growth and biofilm amounts of pathogens

Two pathogens, P. aeruginosa and S. aureus, were grown in the presence of increasing
concentrations of PEA to investigate the inhibitory effect on growth and biofilm amounts. Fig.
11 represents the growth of P. aeruginosa as maximum growth velocity in mOD/min, calculated
across the time frame where the bacteria doubled at the fastest rate. Fig. 12 demonstrates the
biofilm amounts as quantified by the CV assay after 16 h.

As seen with AJW678, PEA has an inhibitory effect on the bacterial growth rate of P.
aeruginosa. Small reductions of bacterial growth rate were seen between 0 mg/ml and 3 mg/ml
of PEA, but at 4 mg/ml a 40% reduction in bacterial growth rate was seen. It took until 5 mg/ml
of PEA to see a 90% reduction in bacterial growth rate. At higher concentrations beyond 5
mg/ml little or no bacterial growth was seen. In comparison, we did not see a significant

reduction in bacterial growth rate of AJW678 until the concentration of PEA is 5 mg/ml.
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Figure 11. Effectiveness of PEA on P. aeruginosa growth. P. aeruginosa was grown in
varying concentrations of PEA, shown on the x-axis. Averages and standard deviations of
maximum velocities (y-axis) were computed across all 6 replicates. Asterisks indicate a
statistically significant difference between the mean growth at the respective PEA concentration
in comparison to the mean growth at a PEA concentration of 0 mg/ml.

A significant reduction in biofilm amounts (~40%) was seen at 2 mg/ml of PEA. As
concentrations of PEA increased from 2 mg/ml to 50 mg/ml, only minor additional reductions in
biofilm amounts were seen. P. aeruginosa biofilm amounts come down at lower concentrations
of PEA (2 mg/ml) in comparison to AJW678, where significant reduction in biofilm amounts
weren’t observed until the concentration of PEA was 10 mg/ml. However, unlike AJW678 where
the biofilm was eradicated when concentrations of PEA were greater than 5 mg/ml (Fig. 9), P.
aeruginosa still formed close to 50% of the original biofilm at these higher concentrations of
PEA (10 mg/ml to 50 mg/ml). It is also interesting to note that even though there was very little
bacterial growth of P. aeruginosa at concentrations of PEA above 10 mg/ml, the bacteria was

still able to form some biofilm at these concentrations. One explanation of this could be that the

few cells that grew may have formed biofilms that were then resistant to PEA.
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Figure 12. Effectiveness of PEA on P. aeruginosa biofilm amounts. P. aeruginosa was grown
in varying concentrations of PEA, shown on the x-axis. Averages and standard deviations of
ODs0o values (y-axis) were computed across all 6 replicates. Asterisks indicate a statistically
significant difference between the mean biofilm amounts at the respective PEA concentration in
comparison to the mean biofilm amount at a PEA concentration of 0 mg/ml.

Next, the inhibitory effect of PEA was tested against the gram-positive pathogen S.
aureus. Fig. 13 represents the growth of S. aureus as maximum growth velocity in mOD/min,
calculated across the time frame where the bacteria doubled at the fastest rate. Fig. 14
demonstrates the biofilm amounts as quantified by the CV assay after 16 h.

As observed with AJW678 and P. aeruginosa, PEA has an inhibitory effect on the
bacterial growth rate of S. aureus. Small reductions in S. aureus growth rate were seen between 0
mg/ml and 10 mg/ml of PEA. To even get a 20% reduction in bacterial growth rate of S. aureus,
the concentration of PEA had to be increased to 10 mg/ml. In comparison, little or no bacterial

growth was seen for AJW678 and P. aeruginosa at this same concentration. Growth of S. aureus

could still be seen at 20 mg/ml of PEA, but finally at 50 mg/ml little bacterial growth was seen.
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Figure 13. Effectiveness of PEA on S. aureus growth. S. aureus was grown in the presence of
varying concentrations of PEA, shown on the x-axis. Averages and standard deviations of
maximum velocities (y-axis) were computed across all 6 replicates. Asterisks indicate a
statistically significant difference between the mean growth at the respective PEA concentration
in comparison to the mean growth at a PEA concentration of 0 mg/ml.

Despite the high bacterial growth of S. aureus we saw in Fig. 13, there was very little
biofilm even in the absence of PEA (Fig. 14). Recent research has suggested that more
pathogenic strains of S. aureus (ie. MRSA) may actually form better biofilms 1. Another
interesting observation, was that in each replication of this experiment at least one well of the 24-
well plate at the concentration of 10 mg/ml of PEA, had massive amounts of biofilm. This could
just be an anomaly or more investigation needs to be done to explain this phenomenon.

In conclusion, the gram-negative strains of bacteria (AJW678 and P. aeruginosa)
weren’t able to grow very well at the higher concentrations of PEA, but the gram positive
bacteria (S. aureus) was still able to grow at these high concentrations . This could be due to
environmental factors such as the pH of PEA in the nutrient medium. S. aureus biofilm
production has been shown to be influenced by pH 271, Another reason could be this strain has

acquired some resistance genes or physical characteristics, such as capsular polysaccharides,

which are impacting PEA effectiveness [*212%1 The hypothesis that PEA is transduced through
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FIhD/FIhC, which S. aureus lacks could explain the growth of S. aureus at high concentrations of

PEA 130,
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Figure 14. Effectiveness of PEA on S. aureus biofilm amounts in a 24-well polystyrene
plate. S. aureus was grown in varying concentrations of PEA, shown on the x-axis. Averages
and standard deviations of ODeoo Values (y-axis) were computed across all 6 replicates. Asterisks
indicate a statistically significant difference between the mean biofilm amounts at the respective
PEA concentration in comparison to the mean biofilm amount at a PEA concentration of 0
mg/ml.
Calculation of 1Cso for biofilm amounts and growth of AJW678, Ps. aeruginosa, and S.
aureus

ICso values were calculated for the inhibitory effect of PEA on biofilms amounts and
growth of AJW678, Ps. aeruginosa, and S. aureus. These were calculated using Master Plex®
Reader Fit analysis software (Hitachi Solutions American, Ltd., San Francisco, CA), which was
used to find the best curve fit for both assays; the software utilizes a five or four parameter
logistics curve fitting model 51, The output from the Master Plex® Reader Fit analysis shows

the best fit curve for biofilm amounts and growth, which helps to determine the 1Csoand R?

values (Fig. 15).
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Figure 15. Example of an output from Master Plex® Reader Fit analysis software (Hitachi
Solutions American, Ltd., San Francisco, CA). The half maximal inhibitory concentration
(ICso) and coefficient of determination (R?) values are displayed at the top of the graph. The
graph displays the average growth of AJW678 on a 96-well plate and the best curve was
calculated to best fit the average.

The curve fit with the five parameter logistic was calculated as F(x) = A +
(D/(1+(X/C)"B)"E), where A is the value for the minimum asymptote, B is the slope, C is the
concentration at inflection point, D is the value for the maximum asymptote, and E is the
asymmetry factor. The equation for the four parameter logistic was calculated as F(x) = A +
(D/(1+(X/C)"B)), where the variables are the same as in the five parameter logistics equation
minus E, the asymmetry factor. The ICso values are calculated as x = C((2"*(1/E) — 1)*(1/B)) and
are given in mg/ml. The coefficient of determination (R?) is the ratio of the explained variance to

the total variance. The ICso, R? values, and one representative piece of data from the SAS

analysis are presented in Table 3.
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Table 3. ICso, R? values, and SAS analysis for the inhibitory effect of PEA on growth and

biofilm amounts.

Microorganisms Growth Biofilm ANOVA*
R? ICso R? 1Cso Growth Biofilm

E. coli 0.986 4.68 0.943 1.32 1 mg/ml 1 mg/mi
(AJW678 96 well)
E. coli 0.982 5.79 0.967 5.36 3 mg/ml 10 mg/ml
(AJW6E78 24 well)
P. aeruginosa 0.981 4.10 0.831 1.33 4 mg/ml 2 mg/ml
(24 well)
S. aureus 0.939 13.52 NA NA 10 mg/ml NA
(24 well)

PEA was found to have ICs values below 10 mg/ml at R? values > 0.9 for AJW678

growth and biofilm amounts when the bacteria were grown in 96-well plates and 24-well plates.

The ICso values are indicative of an inhibitory effect of PEA on growth and biofilm amounts of

AJW678. Large R? values indicate that the curves fit, which gives us more confidence in the 1Cso

value. PEA also has an 1Cso values below 10 mg/ml at high R? values for P. aeruginosa growth

and biofilm amounts. For S. aureus, the I1Cso value was higher than for AJW678, also at a high R?

value. The ICsp value couldn’t be computed for this bacterium, due to little biofilm production.

* Concentration at which the first statistically significant difference was observed between the
means of growth or biofilm amounts at the respective PEA concentration and the means of
growth or biofilm amounts at 0 mg/ml PEA.
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CHAPTER 4. DISCUSSION AND FUTURE OUTLOOK

The overall goal of this thesis was to investigate biofilm removal and prevention through
both physical and chemical treatments. This falls under the long term goal of the lab, which aims
to prevent and treat biofilm associated bacterial infections. It is important for the future that we
find safe, effective ways to treat biofilm associated bacterial infections because they occur in
many natural, environmental, clinical, and food processing settings.

We looked at the physical aspect of biofilm removal and prevention in ‘Chapter 1. Water
Jet Experiment’. Using the automated water jet, we applied shearing forces to biofilms formed
by E. coli K-12 isogenic mutants to measure the mechanical stability of the biofilms. The
isogenic mutants used in this study had genetic deficiencies that affected the formation of the
bacterial cell surface structures. Cell surface structures play a role in formation and development
of bacterial biofilm, so we hypothesize alteration to the cell surface structures would have an
impact on biofilm stability.

It was observed that genetic mutations that directly affected the ability of the bacteria to
form flagella or fimbriae was the most detrimental to biofilm stability. The mutant that could
form fimbriae weren’t able to form biofilm at all. The mutant that couldn’t form flagella had a
40% reduction in initial biofilm formation in comparison to the parent and when the water
pressure was increased to 3 and 5 psi the biofilm had an addition 20% removal. When the genetic
mutations were in metabolism that indirectly impacts the cell surface structures, there was less of
an effect on biofilm stability in comparison to the mutations directly impacting fimbriae and
flagella. In comparison to the parent, mutants involved in metabolism of cell surface structures
formed less stable biofilms. From this experiment we learned about the importance of the

bacterial cell surface structures to biofilm stability. It also shows us that these cell surface
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structures could be targets for the development of drugs because they can make the biofilms less
stable and easier to remove.

In “‘Chapter 2. B-phenylethylamine Experiment’ we looked at the chemical aspect of
biofilm removal and prevention. The inhibitory effect of PEA on biofilms of both gram-positive
and gram-negative pathogens was investigated. PEA was found to have an inhibitory effect on
growth and biofilm amounts of AJW678 and P. aeruginosa. On S. aureus, it had an inhibitory
effect on growth, but it took higher concentrations of PEA to decrease growth in comparison to
AJWG678 and P. aeruginosa. S. aureus was not able to form much biofilm amounts and it
couldn’t be determined if PEA had an inhibitory effect. The hypothesis that PEA is transduced
through FIhD/FINC, which S. aureus lacks could be an explanation for why growth of S. aureus
was seen at high concentrations of PEA. Biofilm amounts were quantified using a CV assay,
which can’t be fully extracted from gram-positive bacteria due to their thick layer of
peptidoglycan. In the future, other alternatives for quantification of biofilm amounts should be
investigated because the variation in biofilm formation, which could be due to extra CV on the
walls of the wells of the microtiter plate.

PEA was shown to impact the biofilm of AJW678 in multiple ways. Increases in the
concentration of PEA resulted in AJW678 taking longer to reach stationary phase of growth.
Using the water jet we also tested to see the effect PEA had on biofilm stability. The hypothesis
was that decreases in biofilm stability of AJW678 would be seen when we increased the
concentration of PEA. However, the biofilm appeared to be more stable as the PEA
concentrations increased. The effect surface area plays on the effectiveness of PEA to inhibit
biofilm formation was also investigated. An inhibitory effect on biofilm amounts on the 96-well

plate were seen at 1 mg/ml of PEA, while on the 24-well plate, at the same concentration of PEA
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little effect was observed. It takes until 10 mg/ml of PEA to see the inhibitory effect on biofilm
amounts on the 24-well plate. Using the 24-well plate provides a greater surface area, which may
be advantageous when examining differences in growth and biofilm amounts and determining
ICso values of treatment solutions.

In the future, our lab would like to integrate these two experiments. Previous research has
developed a technique to integrate small molecules, like PEA, into different surface coatings,
such as polyurethane or steel, which are commonly used in industrial settings. Using the water
jet we can screen the effect other physical properties, such as smooth or rough surfaces and
material type, like steel versus plastics, have on the ability of bacteria to form biofilms. Other
small molecules could also be investigated using the water jet to look at the inhibitory effect on
bacterial biofilms in hopes of developing biofilm preventing materials.

We are currently in the process of integrating PEA into polyurethane which are used in
industrial settings were biofilms thrive. The development of materials integrated with PEA is
aimed to inhibit biofilm formation in conjunction with other prevention methods used in
industrial settings. Advantages to using PEA are it has GRAS status and it’s considered a safe
substance. Other researchers have used biofilm preventing technologies that were based on
antibiotics or silver coatings [ 131 These strategies encourage microbial resistance and have
high production costs. The development PEA containing materials is cost effective and can
ultimately be used for a wide range of applications, including medicine and food processing.
This is facilitated by the fact that plastics and steel materials are often the material of choice for
medical devices and to coat food processing equipment. This work is significant because the
development of this PEA infused coatings could be used in prosthetics and catheters which are

medically often are associated with biofilm associated bacterial infections.

46



REFERENCES

Costerton, J.W., Cheng, K.J., Geesey, G.G., Ladd, T.I., Nickel, J.C., Dasgupta, M.,
Marrie, T.J., Bacterial biofilms in nature and disease. Annual Review of Microbiology,
1987. 41: p. 435-464.

Brown, M.R., Collier, P.J., Gilbert, P., Influence of growth rate on susceptibility to
antimicrobial agents: modification of the cell envelope and batch and continuous culture
studies. Antimicrobial Agents and Chemotherapy 1990. 34(9): p. 1623-1628.

Costerton, J.W., Stewart, P.S., Greenberg, E.P., Bacterial biofilms: A common cause of
persistent infections. Science, 1999. 284: p. 1318-1322.

Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W., Davies, D.G., Pseudomonas
aeruginosa displays multiple phenotypes during development as a biofilm. Journal of
Bacteriology, 2002. 184: p. 1140-1154.

Davey, M.E., O'toole, G.A., Microbial Biofilms: from Ecology to Molecular Genetics.
Microbiology and Molecular Biology Reviews 2000. 64(4): p. 847-867.

Agladze, K., Jackson, D., Romeo, T., Periodicity of Cell Attachment Patterns during
Escherichia coli Biofilm Development. Journal of Bacteriology, 2003. 196(20): p. 5632-
5638.

Jackson, D.W., Suzuki, K., Oakford, L., Simecka, J.W., Hart, M.E., Romeo, T., Biofilm
formation and dispersal under the influence of the global regulator CsrA of Escherichia
coli. Journal of Bacteriology, 2002. 184(1): p. 290-301.

Toutain, C.M., Caizza, N.C., Zegans, M.E., O'Toole, G.A., Evidence for two flagellar
stators and their role in the motility of Pseudomonas aeruginosa. Journal of

Bacteriology, 2005. 187: p. 771-777.

47



10.

11.

12.

13.

14.

15.

16.

Rutherford, S.T., Bassler, B.L., Bacterial quorum sensing: its role in virulence and
possibilities for its control. Cold Spring Harbor Perspectives in Medicine, 2012. 2(11).
Oshima, T., Aiba, H., Masuda, Y., Kanaya, S., Sugiura, M., Wanner, B.L., Mori, H.,
Mizumo, T., Transcriptome analysis of all two-component regulatory system mutants of
Escherichia coli K-12. Molecular Microbiology, 2002. 46: p. 281-291.

Fuqua, W.C., Winans, S.C., Greenburg, E.P., Quorum sensing in bacteria: the LuxR-Luxl
family of cell density responsive transcriptional regulators. Journal of Bacteriology,
1994. 176: p. 269-275.

Bjarnsholt, T., Tolker-Nielsen, T., Haiby, N., Givskov, M., Interference of Pseudomonas
aeruginosa signalling and biofilm formation for infection control. Expert Review of
Molecular Medicine, 2010. 12.

Hana, X., Baia, H., Liua, L., Donga, H., Liua, R., Songa, J.,Dinga, C., Qib, K., Liua, H.,
Yua, S., The luxS gene functions in the pathogenesis of avian pathogenic Escherichia
coli. Microbial Pathogenesis, 2013. 55: p. 21-27.

Gao, R., Stock, A.M., Biological insights from structures of two-component proteins.
Annual Review of Microbiology, 2009. 63: p. 133-154.

Zhou, L., Lei, X.H., Bochner, B.R., Wanner, B.L. , Phenotype microarray analysis of
Escherichia coli K-12 mutants with deletions of all two-component systems. Journal of
Bacteriology, 2003. 185: p. 4956-4972.

Brombacher, E., Dorel, C., Zehnder, A.J.B., Landini, P., The curli biosynthesis regulator
CsgD coordinates expression of both positive and negative determinants for biofilm

formation in Escherichia coli Microbiology 2003. 149(2847-2857).

48



17.

18.

19.

20.

21.

22.

23.

PruB, B.M., Verma, K., Samanta, P., Sule, P., Kumar, S., Wu, J., Horne, S.M.,
Christianson, D.A., Stafslien, S.J., Wolfe, A.J., Denton, A., Environmental and genetic
factors that contribute to Escherichia coli K-12 biofilm formation. Archives of
Microbiology, 2010. 192: p. 715-728.

Silverman, M., Simon, M., Positioning flagellar genes in Escherichia coli by deletion
analysis. Journal of Bacteriology, 1974. 117(1): p. 73-79.

Bartlett, D.H., Frantz, B.B., Matsumura, P., Flagellar transcriptional activators FIbB and
Flal: gene sequences and 5' concensus sequences of operons under FIbB and Flal
control. Journal of Bacteriology, 1988. 170(4): p. 1575-1581.

PraB, B.M., Liu, X., Hendrickson, W., Matsumura, P. , FIhD/FIhC-regulated promoters
analyzed by gene array and lacZ gene fusions. FEMS Microbiology Letters, 2001. 197:
p. 91-97.

PraB, B.M., Matsumura, P., A regulator of the flagellar regulon of Escherichia coli, flhD,
also affects cell division. Journal of Bacteriology, 1996. 178(3): p. 688-674.

Wolfe, A.J., Chang, D., Walker, J.D., Seitz-Partridge, J.E., Vidaurri, M.D., Lange, C.F.,
PruB, B.M., Henk, M.C., Larkin, J.C., Conway, T., Evidence that acetyl phosphate
functions as a global signal during biofilm development. Molecular Microbiology, 2003.
48(4): p. 977-988.

Pons, L., Délia, M.L., Bergel, A., Effect of surface roughness, biofilm coverage and
biofilm structure on the electrochemical efficiency of microbial cathodes. Bioresource

Technology, 2011. 102(3): p. 2678-2683.

49



24,

25.

26.

27.

28.

29.

Lemos, M., Gomes, I., Mergulhdo, F., Melo, L., Simdes, M., The effects of surface type
on the removal of Bacillus cereus and Pseudomonas fluorescens single and dual species
biofilms. Food and Bioproducts Processing, 2014.

Zacheus, O.M., livanainen, E.K., Nissinen, T.K., Lehtola, M.J., Martikainen, P.J.,
Bacterial biofilm formation on polyvinyl chloride, polyethylene, and stainless steel
exposed to ozonated water Water Research, 2000. 34(1): p. 63-70.

Reedy, C.R., Price, C.W., Sniegowski, J., Ferrance, J.P., Begley, M., Landers, J.P., Solid
phase extraction of DNA from biological samples in a post-based, high surface area
poly(methyl methylacrylate) (PMMA) microdevice. Lab Chip, 2011. 11(9): p. 1603-1611.
Simoes, L.C., Simoes, M., Vieire, M.J., Adhesion and biofilm formation on polystyrene
by drinking-water isolated bacteria. Antonie Van Leeuwenhoek, 2010. 98(3): p. 317-329.
Stafslien, S.J., Bahr, J.A., Daniels, J.W., Vander Wal, L., Nevins, J., Smith, J., Schiele,
K., Chisholm, B., Combinatorial materials research applied to the development of new
surface coatings VI: an automated spinning water jet apparatus for the high-throughput
characterization of fouling-release marine coatings. Review of Scientific Instruments,
2007. 78.

Casse, F., Stafslien, S.J., Bahr, J.A., Daniels, J.W., Finlay, J.A., Callow, J.A., Callow,
M.E., Combinatorial materials research applied to the development of new surface
coatings V. Application of a spinning water-jet for the semi-high throughput assessment
of the attachment strength of marine fouling algae. Biofouling, 2007. 23(1-2): p. 121-

130.

50



30.

31.

32.

33.

34.

35.

36.

37.

Yebra, D.M., Kiil, S., Dam-Johansen, K., Antifouling technology- past, present, and
future steps towards efficient and environmentally friendly antifouling coatings. Progress
in Organic Coatings 2004. 50: p. 75-104.

Majumdar, P., Crowley , E., Htet , M., Stafslien, S.J., Daniels , J., VanderWal, L., and
Chisholm, B.J., Combinatorial Materials Research Applied to the Development of New
Surface Coatings XV: An Investigation of Polysiloxane Anti-Fouling/Fouling-Release
Coatings Containing Tethered Quaternary Ammonium Salt Groups. ACS Combinatorial
Science, 2011. 13(3): p. 298-3009.

Irsfeld, M., Priis, B.M., Stafslien, S.J., Screening the mechanical stability of Escherichia
coli biofilms through exposure to external, hydrodynamic shear forces. Journal of Basic
Microbiology, 2014. 54: p. 1-7.

Cashin, C.H., Effect of sympathomimetic drugs in eliciting hypertensive responses to
reserpine in the rat, after pretreatment with monoamineoxidase inhibitors. British Journal
of Pharmacology, 1972. 44: p. 203-2009.

Shannon, H.E., Cone, E.J., Yousefnejad, D., Physiologic effects and plasma kinetics of 3-
phenylethylamine and its N-methyl homolog in the dog. Journal of Pharmacology and
Experimental Therapeutics 1982. 223: p. 190-196.

Bentley, K.W., B-Phenylethylamines and the isoquinoline alkaloids. Natural Product
Reports 2006. 23: p. 444-463.

Guven, K.C., , Percot, A., Sezik, E., Alkaloids in marine algae. Marine Drugs, 2010. 8: p.
269-284.

Kim, B., Byun, B.Y., Mah, J.H. , Biogenic amine formation and bacterial contribution in

Natto products. Food Chemistry, 2012. 135: p. 2005-2011.

51



38.

39.

40.

41.

42.

43.

44,

Smith, T.A., Phenethylamine and Related Compounds in Plants. Phytochemistry, 1977.
16: p. 9-18.

Marcobal, A., De las Rivas, B., Landete, J.M., Tabera, L., Munoz, R., Tyramine and
phenylethylamine biosynthesis by food bacteria. Critical Reviews in Food Science and
Nutrition, 2012. 52: p. 448-467.

Pessione, E., Pessione, A., Lamberti, C., Coisson, D.J., Riedel, K., Mazzoli, R., Bonetta,
S., Eberl, L., Giunta, C. , First evidence of a membrane-bound, tyramine and B-
phenylethylamine producing, tyrosine decarboxylase in Enterococcus faecalis: a two-
dimensional electrophoresis proteomic study. Proteomics, 2009. 9: p. 2695-2710.

Onal, A., Tekkeli, S.E., Onal, C., A review of the liquid chromatographic methods for the
determination of biogenic amines in foods. Food Chemistry, 2013. 138: p. 509-515.
Figueiredo, T.C., Viegas, R.P., Lara, L.J., Baiao, N.C., Souza, M.R., Heneine, L.G.
Cancado, S.V., Bioactive amines and internal quality of commercial eggs. Poultry
Science, 2013. 92: p. 1376-1384.

Granvogl, M., Bugan, S., Schieberle, P., Formation of amines and aldehydes from parent
amino acids during thermal processing of cocoa and model systems: new insights into
pathways of the strecker reaction. Journal of Agricultural and Food Chemistry 2006. 54:
p. 1730-1739.

Paterson, I.A., Juorio, A.V., Boulton, A.A., 2-Phenylethylamine: a modulator of
catecholamine transmission in the mammalian central nervous system. Neurochemistry,

1990. 55: p. 1827-1837.

52



45.

46.

47.

48.

49,

50.

51.

52.

Philips, S.R., Rozdilsky, B., Boulton, A.A., Evidence for the presence of m-tyramine, p-
tyramine, tryptamine, and phenylethylamine in the rat brain and several areas of the
human brain. Biological Psychiatry, 1978. 13: p. 51-57.

Oldendorf, W.H., Brain uptake of radiolabeled amino acids, amines, and hexoses after
arterial injection. American Journal of Physiology, 1971. 221: p. 1629-1639.

Bailey, B.A., Philips, S.R., Boulton, A.A., In vivo release of endogenous dopamine, 5-
hydroxytryptamine and some of their metabolites from rat caudate nucleus by
phenylethylamine. Neurochemical Research 1987. 12: p. 173-178.

Rothman, R.B., Baumann, M.H., Balance between dopamine and serotonin release
modulates behavioral effects of amphetamine-type drugs. Annals of the New York
Academy of Sciences 2006. 1074: p. 245-260.

Yang, H.Y., Neff, N.H. , B-phenylethylamine: a specific substrate for type B monoamine
oxidase of brain. Journal of Pharmacology and Experimental Therapeutics, 1973. 187: p.
365-371.

Hoffman, J.R., Kang, J., Ratamess, N.A., Jennings, P.F., Mangine, G., Faigenbaum, A.D.
, Thermogenic effect from nutritionally enriched coffee consumption. Journal of the
International Society of Sports Nutrition, 2006. 3: p. 35-41.

Robinson, J.C., Snyder, H.R., B-phenylethylamine. Organic Synthesis, 1955. 3: p. 720-
721.

Nystrom, R.F., Brown, W.G., Reduction of organic compounds by lithium aluminum
hydride; halides, quinones, miscellaneous nitrogen compounds. Journal of American

Chemical Society, 1948. 70: p. 3738-3740.

53



53.

54.

55.

56.

S7.

58.

Cardenas-Fernandez, M., Neto, W., Lopez, C., Alvaro, G., Tufvesson, P., Woodley, J.M.,
Immobilization of Escherichia coli containing omega-transaminase activity in
LentiKats(R). Biotechnology Progress 2012. 28: p. 693-698.

Marcobal, A., De las Rivas, B., Munoz, R., First genetic characterization of a bacterial
R-phenylethylamine biosynthetic enzyme in Enterococcus faecium RM58. FEMS
Microbiology Letters, 2006. 258: p. 144-149.

Rehman, A.U., Afroz, S., Abbasi, M.A., Tanveer, W., Khan, K.M., Ashraf, M., Ahmad,
., Afzal, 1., Ambreen, N. , Synthesis, characterization and biological screening of
sulfonamides derived form 2-phenylethylamine. Pakistan Journal of Pharmaceutical
Sciences 2012. 25: p. 809-814.

Premont, R.T., , Gainetdinov, R.R., Caron, M.G., Following the trace of elusive amines.
Proceedings of the National Academy of Sciences of the United States of America, 2001.
98: p. 9474-9475,

Borowsky, B., Adham, N., Jones, K.A., Raddatz, R., Artymyshyn, R., Ogozalek, K.L.,
Durkin, M.M., Lakhlani, P.P., Bonini, J.A., Pathirana, S., Boyle, N., Pu, X., Kouranova,
E., Lichtblau, H., Ochoa, F.Y., Branchek, T.A., Gerald, C., Trace amines: identification
of a family of mammalian G protein-coupled receptors. Proceedings of the National
Academy of Sciences of the United States of America, 2001. 98: p. 8966-8971.

Bunzow, J.R., Sonders, M.S., Arttamangkul, S., Harrison, L.M., Zhang, G., Quigley, D.I.,
Darland, T., Suchland, K.L., Pasumamula, S., Kennedy, J.L., Olson, S.B., Magenis, R.E.,
Amara, S.G., Grandy, D.K., Amphetamine, 3,4-methylenedioxymethamphetamine,
lysergic acid diethylamide, and metabolites of the catecholamine neurotransmitters are

agonists of a rat trace amine receptor. Molecular Pharmacology, 2001. 60: p. 1181-1188.

54



59.

60.

61.

62.

63.

64.

65.

66.

Zucchi, R., Chiellini, G., Scanlan, T.S., Grandy, D.K., Trace amine-associated receptors
and their ligands. British Journal of Pharmacology, 2006. 149: p. 967-978.

Xie, Z., Miller, G.M., Beta-phenylethylamine alters monoamine transporter function via
trace amine-associated receptor 1: implication for modulatory roles of trace amines in
brain. Journal of Pharmacology and Experimental Therapeutics, 2008. 325: p. 617-628.
Gatley, S.J., Volkow, N.D., Gifford, A.N., Fowler, J.S., Dewey, S.L., Ding, Y.S., Logan,
J., Dopamine-transporter occupancy after intravenous doses of cocaine and
methylphenidate in mice and humans. Psychopharmacology (Berl), 1999. 146: p. 93-100.
Shalaby, A.R., Significance of biogenic amines to food safety and human health. Food
Research International, 1996. 29(675-690).

Giraffa, G., Functionality of enterococci in dairy products. International Journal of Food
Microbiology, 2003. 88: p. 215-222.

Bunkova, L., Adamcova, G., Hudcova, K., Velichova, H., Pachlova, V., Lorencova, E.,
Bunka, F. , Monitoring of biogenic amines in cheeses manufactured at small-scale farms
and in fermented dairy products in the Czech Republic. Food Chemistry, 2013. 141: p.
548-551.

Boulton, A.A., Cookson, B., Paulton, R. , Hypertensive crisis in a patient on MAOI
antidepressants following a meal of beef liver. Canadian Medical Association Journal
1970. 102: p. 1394-1395.

Da, P.M., Zurcher, G., Wuthrich, I., Haefely, W.E. , On tyramine, food, beverages and
the reversible MAO inhibitor moclobemide. Journal of Neural Transmission Supplement,

1998. 26 p. 31-56.

55



67.

68.

69.

70.

71.

72.

73.

74.

Deftereos, S.N., Dodou, E., Andronis, C., Persidis, A., From depression to
neurodegeneration and heart failure: re-examining the potential of MAO inhibitors.
Expert Review of Clinical Pharmacology 2012. 5: p. 413-425.

Kulawik, P., Ozogul, F., Glew, R.H. , uality properties, fatty acids, and biogenic amines
profile of fresh tilapia stored in ice. Journal of Food Science, 2013. 78: p. 1063-1068.

Li, K., Bao, Y., Luo, Y., Shen, H., Shi, C., Formation of biogenic amines in crucian carp
(Carassius auratus) during storage in ice and at 4 degrees C. Journal of Food Protocol,
2012. 75: p. 2228-2233.

Liu, F., DU, L., Xu, W., Wang, D., Zhang, M., Zhu, Y., Xu, W., Production of tyramine
by Enterococcus faecalis strains in water-boiled salted duck. Journal of Food Protocol,
2013. 76: p. 854-859.

Fraqueza, M.J., Alfaia, C.M., Barreto, A.S., Biogenic amine formation in turkey meat
under modified atmosphere packaging with extended shelf life: Index of freshness.
Poultry Science, 2012. 91: p. 1465-1472.

Moret, S., Smela, D., Populin, T., Conte, L.S., A survey on free biogenic amine content of
fresh and preserved vegetables. Food Chemistry, 2005. 89: p. 355-361.

Garcia-Moruno, E., Carrascosa, A.V., Munoz, R., A rapid and inexpensive method for the
determination of biogenic amines from bacterial cultures by thin-layer chromatography.
Journal of Food Protocol, 2005. 68: p. 625-629.

Giaouris, E., Heir, E., Hebraud, M., Chorianopoulos, N., Langsrud, S., Moretro, T.,
Habimana, O., Desvaux, M., Renier, S., Nychas, G.J., Attachment and biofilm formation
by foodborne bacteria in meat processing environments: Causes, implications, role of

bacterial interactions and control by alternative novel methods. Meat Science, 2013.

56



75.

76.

77,

78.

79.

80.

81.

82.

83.

Bassler, B.L., Small cells-big future. Molecular Biology of the Cell 2010. 21: p. 3786-
3787.

Lynnes, T., Priif, B.M., Samanta, P., Acetate metabolism and Escherichia coli biofilm:
new approaches to an old problem. FEMS Microbiology Letters, 2013. 344(2): p. 95-
103.

Lynnes, T., Horne, S.M., Prii3, B.M., B-phenylethylamine as a novel nutrient treatment to
reduce bacterial contamination due to Escherichia coli 0157:H7 on beef meat. Meat
Science, 2014. 96: p. 165-171.

Kikuchi, T., Mizunoe, Y., Takade, A., Naito, S., Yoshida, S., Curli fibers are required
for development of biofilm architecture in Escherichia coli K-12 and enhance bacterial
adherence to human uroepithelial cells. Microbiology and Immunology, 2005. 49: p.
875-884.

Pamp, S.J., Sternberg, C., Tolker-Nielsen, T., Insight into the microbial multicellular
lifestyle via flow-cell technology and confocal microscopy. Cytometry A, 2009. 75(90-
103).

Ren, D., Bedzyk, L.A., Thomas, S.M., Ye, R.W., Wood, T.K., Gene expression in
Escherichia coli biofilms. Applied Microbiology and Biotechnology, 2004. 64(515-524).
Domka, J., Lee, J., Bansal, T., Wood, T.K., Temporal gene-expression in Escherichia
coli K-12 biofilms. Environmental Microbiology, 2007. 9: p. 332-346.

Schembri, M.A., Kjaergaard, K., Klemm, P., Global gene expression in Escherichia coli
biofilms. Molecular Microbiology, 2003. 48(253-267).

Masadeh, M.M., Mhaidat, N.M., Alzoubi, K.H., Hussein, E.l., Al-Trad, E.I., In vitro

determination of the antibiotic susceptibility of biofilm-forming Pseudomonas aeruginosa

57



84.

85.

86.

87.

88.

89.

90.

and Staphylococcus aureus: possible role of proteolytic activity and membrane
lipopolysaccharide. Infection and Drug Resistance, 2013. 6(27-32).

Krol, J.E., Nguyen, H.D., Rogers, L.M., Beyenal, H., Krone, S.M., Top, E.M., Increased
transfer of a multidrug resistance plasmid in Escherichia coli biofilm at the air-liquid
interface. Applied Environmental Microbiology, 2011(77): p. 5079-5088.

Paul, E., Ochoa, J.C., Pechaud, Y., Liu, Y., Line, A., Effect of shear stress and growth
conditions on detachment and physical properties of biofilms. Water Research, 2012. 46:
p. 5499-5508.

Celmer, D., Oleszkiewicz, J., Cicek, N., Husain, H., Hydrogen limitation--a method for
controlling the performance of membrane biofilm reactor for autotrophic denitrification
of wastewater. Water Science Technology, 2006. 54(165-172).

Houari, A., Picard, J., Habarou, H., Galas, L., Vaudry, H., Heim, V., Di, M.P., Rheology
of biofilms formed at the surface of NF membranes in a drinking water production unit.
Biofouling, 2008. 24: p. 235-240.

Schmidt, M.G., Attaway, H.H., Terzieva, S., Marshall, A., Steed, L.L., Salzberg, D.,
Hamoodi, H.A., Khan, J.A., Feigley, C.E., Michels, H.T., Characterization and control
of the microbial community affiliated with copper or aluminum heat exchangers of HVAC
systems. Current Microbiology, 2012. 65: p. 141-149.

Tsai, Y.P., Impact of flow velocity on the dynamic behaviour of biofilm bacteria.
Biofouling, 2005. 21: p. 267-277.

Kumari, S., Beatty, C.M., Browning, D.F., Busby, S.J., Simel, E.J., Hovel-Miner, G.,
Wolfe, A.J., Regulation of acetyl coenzyme A synthetase in Escherichia coli. Journal of

Bacteriology, 2000. 182: p. 4173-4179.

58



91.

92.

93.

94.

95.

96.

97.

98.

Shin, S., Park, C., Modulation of flagellar expression in Escherichia coli by acetyl
phosphate and the osmoregulator OmpR. Journal of Bacteriology, 1995. 177: p. 4696-
4702.

Kitagawa, M., Ara, T., Arifuzzaman, M., loka-Nakamichi, T. et al., Complete set of ORF
clones of Escherichia coli ASKA library (a complete set of E. coli K-12 ORF archive):
unique resources for biological research. DNA Research, 2005. 12: p. 291-299.

Prentki, P., Krisch, H.M., In vitro insertional mutagenesis with a selectable DNA
fragment. Gene, 1984. 29: p. 303-313.

O'Toole, G.A., Pratt, L.A., Watnick, P.l., Newman, D.K., Weaver, V.B., Kolter, R.,
Genetic approaches to study of biofilms. Methods in Enzymology, 1999. 310: p. 91-109.
Stafslien, S., Daniels, J., Chisholm, B., Christianson, D., Combinatorial materials
research applied to the development of new surface coatings Ill. Utilisation of a high-
throughput multiwell plate screening method to rapidly assess bacterial biofilm retention
on antifouling surfaces. Biofouling, 2007. 23: p. 37-44,

Ribeiro, E., Stafslien, J.S., Casse, F., Callow, J.A., Callow, M.E., Pieper, R.J., Daniels,
JW., Bahr, J.A., Webster, D.C., Automated image based method for laboratory screening
of coating libraries for adhesion of algae and bacterial biofilms. Journal of
Combinatorial Chemistry, 2008. 10: p. 586-594.

Serra, D.O., Richter, A.M., Klauck, G., Mika, F., Hengge, R., Microanatomy at cellular
resolution and spatial order of physiological differentiation in a bacterial biofilm. MBio,
2013. 4: p. e00103-e00113.

Looney WJ, N.M., Miihlemann K, Stenotrophomonas maltophilia: an emerging

opportunist human pathogen. Lancet Infectious Disease, 2009. 9: p. 312-323.

59



99.

100.

101.

102.

103.

104.

Arthur, T.M., Brichta-Harhay, D.M., Bosilevac, J.M., Kalchayanand, N., Shackelford,
S.D., Wheeler, T.L., Koohmaraie, M., Super shedding of Escherichia coli O157:H7 by
cattle and the impact on beef carcass contamination. Meat Science, 2010. 86(1): p. 32-
37.

Chandler, D.P., Brown, J., Call, D.R., Wunschel, S., Grate, J.W., Holman, D.A., Olson,
L., Stottlemyre, M.S., Bruckner-Lea, C.J., Automated immunomagnetic separation and
microarray detection of E. coli O157:H7 from poultry carcass rinse. International
Journal of Food Microbiology, 2001. 70: p. 143-154.

Moyne, A., Sudarshana, M.R., Blessington, T., Koike, S.T., Cahn, M.D., Harris, L.J.,
Fate of Escherichia coli O157:H7 in field-inoculated lettuce. Food Microbiology, 2011.
28(8): p. 1417-1425.

Scharff, R., Economic burden from health losses due to foodborne illness in the United
States. Journal of Food Protocols, 2012. 75(1): p. 123-131.

Dohnt, K., Sauer, M., Miiller, M., Atallah, K., Weidemann, M., Gronemeyer, P., Rasch,
D., Tielen, P., Krull, R., An in vitro urinary tract catheter system to investigate biofilm
development in catheter-associated urinary tract infections. Journal of Microbiological
Methods, 2011. 87: p. 302-308.

Fujimura, S., Sato, T., Mikami, T., Kikuchi, T., Gomi, K., Watanabe, A., Combined
efficacy of clarithromycin plus cefazolin or vancomycin against Staphylococcus aureus
biofilms formed on titanium medical devices. International Journal of Antimicrobial

Agents, 2008. 32(6): p. 481-484.

60



105.

106.

107.

108.

109.

110.

111.

Acker, H.A., Dijck, P.V., Coenye, T., Molecular mechanisms of antimicrobial tolerance
and resistance in bacterial and fungal biofilms. TRENDS in Microbiology, 2014. 22(6):
p. 326-333.

Mah, T.C., O'Toole, G.A., Mechanisms of biofilm resistance to antimicrobial agents.
TRENDS in Microbiology 2001. 9(1): p. 34-39.

Strathmann, M., Wingender, J., Use of an oxonol dye in combination with confocal laser
scanning microscopy to monitor damage to Staphylococcus aureus cells during
colonisation of silver-coated vascular grafts. International Journal of Antimicrobial
Agents, 2004. 24(3): p. 234-240.

Stevens, K.N., Croes, S., Boersma, R.S., Stobberingh, E.E., van der Marel, C., van der
Veen, F.H., Knetsch, M.L., Koole, L.H., Hydrophilic surface coatings with embedded
biocidal silver nanoparticles and sodium heparin for central venous catheters.
Biomaterials, 2011. 32(5): p. 1264-12609.

Pugach, J.L., DiTizio, V., Mittelman, M.W., Bruce, A.W., DiCosmo, F., Khoury, A.E.,
Antibiotic hydrogel coated Foley catheters for prevention of urinary tract infection in a
rabbit model. The Journal of Urology, 1999. 162: p. 883-887.

Ban, G., Yoon, H., Kang, D., A comparison of saturated steam and superheated steam
for inactivation of Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria
monocytogenes biofilms on polyvinyl chloride and stainless steel. Food Control, 2014.
40: p. 344-350.

Dosler, S., Mataraci, E., In vitro pharmacokinetics of antimicrobial cationic peptides
alone and in combination with antibiotics against methicillin resistant Staphylococcus

aureus biofilms. Peptides, 2013. 49: p. 53-58.

61



112.

113.

114.

115.

116.

117.

118.

Sule, P., Horne, S.M., Logue, C.M., Pri3, B.M., Regulation of Cell Division, Biofilm
Formation, and Virulence by FIhC in Escherichia coli 0157:H7 Grown on Meat.
Applied and Environmental Microbiology, 2011. 77(11): p. 3653-3662.

Carpenter, C.D., O'Neill, T., Picot, N., Johnson, J.A., Robichaud, G.A., Webster, D.,
Gray, C.A., Anti-mycobacterial natural products from the Canadian medicinal plant
Juniperus communis. Journal of Ethnopharmacology, 2012. 143(2): p. 695-700.
Tenorio-Borroto, E., Penuelas Rivas, C.G., Vasquez Chagoyan, J.C., Castanedo, N.,
Prado-Prado, F.J., Garcia-Mera, X., Gonzalez-Diaz, H., ANN multiplexing model of drugs
effect on macrophages; theoretical and flow cytometry study on the cytotoxicity of the
anti-microbial drug G1 in spleen. Bioorganic & Medicinal Chemistry, 2012. 20(20): p.
6181-6194.

Gottschalk, P.G., Dunn, J.R., The five-parameter logistic: A characterization and
comparison with the four-parameter logistic. Analytical Biochemistry, 2005. 343(1): p.
54-65.

Stevenson, L.G., Szostek, B.A., Clemmer, K.M., Rather, P.N., Expression of the DisA
amino acid decarboxylase from Proteus mirabilis inhibits motility and class 2 flagellar
gene expression in Escherichia coli. Research in Microbiology, 2013. 164: p. 31-37.
O'Toole, G.A., Kolter, R., Flagellar and twitching motility are necessary for
Pseudomonas aeruginosa biofilm development. Molecular Microbiology, 1998. 30(2): p.
295-304.

Otto, E., Norbeck, J., Larsson, T., Karlsson, K.A., Hermansson, M., Adhesion of Type 1-
Fimbriated Escherichia coli to Abiotic Surfaces Leads to Altered Composition of Quter

Membrane Proteins. Journal of Bacteriology, 2001. 183(8): p. 2445-2453.

62



119.

120.

121.

122.

123.

124,

125.

Vikrama, A., Jayaprakashaa, G.K., Jesudhasanb, R.P.,Pillaia, S.D., Patila, B.S., Limonin
7-methoxime interferes with Escherichia coli biofilm formation and attachment in type 1
pili and antigen 43 dependent manner. Food Control, 2012. 26(2): p. 427-438.

Vikram, A., Jesudhasan, P.R., Jayaprakasha, G.K., Pillai, B.S., Patil, B.S., Grapefruit
bioactive limonoids modulate E. coli O157:H7 TTSS and biofilm. International Journal of
Food Microbiology, 2010. 140(2): p. 109-116.

Szczepanski, S., Lipski, A., Essential oils show specific inhibiting effects on bacterial
biofilm formation. Food Control, 2014. 36(1): p. 224-229.

Field, T.R., White, A., Elborn, J.S., Tunney, M.M., Effect of oxygen limitation on the in
vitro antimicrobial susceptibility of clinical isolates of Pseudomonas aeruginosa grown
planktonically and as biofilms. European Journal of Clinical Microbiology and Infectious
Disease, 2005. 24(10): p. 677-687.

Pereira-Cenci, T., Deng, D.M., Kraneveld, E.A., Manders, E.M., Del Bel Cury, A.A., ten
Cate, J.M., Crielaard, W., The effect of Streptococcus mutans and Candida glabrata on
Candida albicans biofilms formed on different surfaces. Archives of Oral Biology, 2008.
53(8): p. 755-764.

Limbert, G., Bryan, R., Cotton, R., Young, P., Hall-Stoodley, L., Kathju, S., Stoodley, P.,
On the mechanics of bacterial biofilms on non-dissolvable surgical sutures: A laser
scanning confocal microscopy-based finite element study. Acta Biomaterialia, 2013. 9(5):
p. 6641-6652.

Mathieu, L., Bertrand, 1., Abe, Y., Angel, E., Block, J.C., Skali-Lami, S., Francius, G.,
Drinking water biofilm cohesiveness changes under chlorination or hydrodynamic stress.

Water Research, 2014. 55: p. 175-184.

63



126.

127.

128.

129.

130.

131.

Chen, M.J., Zhang, Z., Bott, T.R., Effects of operating conditions on the adhesive
strength of Pseudomonas fluorescens biofilms in tubes. Colloids and Surfaces B:
Biofinterfaces, 2005. 43(2): p. 61-71.

Tang, J., Chen, J,, Liu, R., Zhang, R., Yang, R. Chen, L., Effects of different cultivation
conditions on Staphlococcus aureus biofilm formation and diversity of adhesion genes
Journal of Food Safety, 2012. 32(2): p. 210-218.

Ito, T., Okuma, K., Ma, X.X., Yuzawa, H., Hiramatsu, K., Insights on antibiotic
resistance of Staphylococcus aureus from its whole genome: genomic island SCC. Drug
Resistance Updates, 2003. 6(1): p. 41-52.

Otto, M., Coagulase-negative staphylococci as reservoirs of genes facilitating MRSA
infection. BioEssays, 2012. 35(1): p. 4-11.

Kaito, C., Sekimizu, K. and Colony Spreading in Staphylococcus aureus. Journal of
Bacteriology, 2006. 189(6): p. 2553-2557.

Knetsch, M.L.W., Kooleemail, L.H., New Strategies in the Development of Antimicrobial
Coatings: The Example of Increasing Usage of Silver and Silver Nanoparticles.

Polymers, 2011. 3(1): p. 340-366.

64



