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ABSTRACT 
 

 Bacterial metabolism and physiology are finely tuned mechanisms that maintain 

homeostasis for the bacterium and allow for responses to environmental signals. Responses 

could include anything from regulation of cell division to the expression of virulence factors 

leading to serious infection. This thesis explores the role of neurotransmitter molecules and ß-

phenylethylamine (a structurally similar molecule to catecholamines) on the physiological 

characteristics of flhD expression, biofilm formation, and chemotactic behaviors in the E. coli 

organism. We observed changes in physiology leading to chemotactic changes in the presence of 

ß-phenylethylamine through the Plug Agarose Assay as well as the Microfluidic Assay. In a 

comparison with serine, the amino acid and documented chemoattractant agent, ß-

phenylethylamine was revealed to be a novel chemoattractant agent with comparable influence 

on the bacterium.  
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INTRODUCTION 

 Microorganisms, including pathogens, can be found ubiquitously through biotic 

environments and have even been traced to places devoid of larger eukaryotic lifeforms (Ramette 

et al., 2007). As such, these organisms can be found on the surfaces of crops, in livestock, and 

can be transmitted into human environments (Horner-Devine et al., 2004). Though much of the 

bacterial and fungal flora found in humans exists in a commensal fashion, pathogenic organisms 

introduced from the environment may lead to disruptions in normal metabolism and activity of 

both the host and endogenous microbial species (Pankey et al., 2017). One specific concern of 

infectious disease includes infection due to ingesting contaminated food, resulting in a broad 

class of diseases known to national agencies as foodborne illness. Of these, E. coli O157:H7 is of 

particular concern, with three outbreaks in November and December of 2019 (CDC: E. coli, 

2019). 

With 48 million Americans becoming infected by foodborne illnesses per annum, impacts 

on economic measures are substantial (Hoffmann et al., 2015). Nearly 3,000 deaths per year in 

the USA are attributed to foodborne disease and related complications, while nearly $15.5 billion 

in economic burdens are calculated by federal agencies (CDC, 2019). Incidence of foodborne 

disease has become a great healthcare fear, with large scale food production leading to wide-

spread outbreaks. Pathogenic E. coli strains alone have represented well over 25 wide-spread 

outbreaks since 2005, placing extra strain on healthcare systems (CDC: E. coli, 2019).  

Biofilm forming bacteria also present challenges for sterilization on medical equipment 

and food preparation surfaces (Lindsay et al., 2002). The ability of organisms to adhere to and 

disperse from biofilms is a contributing factor to the infection of implanted materials and 

intravenous catheters, both of which lead to disease related to medical care (Costerton et al., 
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1995). Methods of microbial control select for resistant strains and increase the urgency for the 

development of novel anti-microbial therapies and treatments (Kirby, 1944). 

In the case of pathogenic E. coli O157:H7 (Enterohemorrhagic E. coli, or EHEC), a 

normal organism found in the intestinal tracts of ruminant organisms, agricultural and food 

preparation methods have led to accidental contamination of food and food products for human 

consumption often on an international scale (Zhao et al., 1995). The resulting illness of E. coli 

infection is caused by the metabolic activity of the bacterium in the host’s intestinal tract, where 

the bacterium is exposed to molecules both derived from the host’s diet and molecules secreted 

directly by the host (Croxen et al., 2013).  

One mechanism for the pathogenesis of EHEC is activated inside the human host by 

molecules such as epinephrine and norepinephrine, which are secreted into the lumen of the 

intestine by leaky tissues in Peyer’s Patches (Hughes et Sperandio, 2008). The bacterium first 

finds its way to the intestine by ingestion and regular gut peristalsis, and then deposes itself and 

initiates a transition to a sessile life in a bacterial biofilm. From here, the bacterium causes 

damage to the host epithelium through Type III secretion systems (Cameron et al., 2015). The 

pathogenesis of EHEC results in structural damage to the epithelial cells of the intestine, which 

in turn leads to bloody diarrhea, intestinal cramping, and in extreme cases, may lead to death 

(Kaper et al., 2004). 

Bacterial biofilms indicate populations of bacteria which cement themselves to a surface 

in an extracellular polymeric matrix, including biotic surfaces such as the intestinal wall or 

abiotic surfaces like stainless steel or plastics (Van Houdt et al., 2005). As E. coli bacteria 

congregate on the surface of the intestine, they attach using mucus-like molecules in which the 
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bacteria will continue to grow and be released. From here, spread of the bacteria from a central 

reservoir is possible. 

As a common model organism which has a well-studied genetic and physiological 

background, as well as a pathogen in certain strains, E. coli lends itself well to use in 

microbiological studies.  Most known E. coli strains are non-pathogenic (CDC: E. coli, 2019), 

but with many similar physiological characteristics that would feed into pathogenesis of 

pathogenic strains, responses of the pathogenic strains may be inferred. 

The means by which E. coli moves through liquid and semi-solid media is flagellar 

motility and chemotaxis. The means by which E. coli remain sessile on surfaces and on liquid-air 

interfaces is its ability to form biofilms. In addition, the potential for some molecules, such as 

human derived compounds, to stimulate changes in the bacteria’s physiology related to both 

chemotactic activity as well as the activation of signaling pathways. These compounds can work 

to attract bacteria away from some regular type of flow, such as periodic peristalsis as well as 

activate pathogenic pathways when specifically inside of a mammalian host. In the intestines, 

this may have a direct influence on the deposition of the bacteria to their sessile lifestyles in a 

biofilm or to encourage unbiased motility. Further information about the regulation of these 

responses to the bacterium’s surroundings may reveal places where scientific understanding is 

thin and current understanding of molecular biology may be furthered. 

FlhD 

For the bacterial motility to be possible, a network of genes must be expressed and 

protein structures assembled. These molecular structures are produced by the functioning of 

flhDC. The flagellar master operon flhDC consists of two genes: flhD and flhC (Bartlett et al., 

1988). The transcription of FlhD/FlhC results in the formation of a complex which binds to the 



4 
 

upstream sequence of many genes, including fliA (Liu et al., 1994). Transcriptional regulation of 

flhDC is tied strongly to the metabolic systems in E. coli such as in carbon and nitrogen 

metabolism (Prüß et al. 2001). Insertions into the regulatory regions of flhDC leading to 

increases in transcription were noted for major increases in motility (Barker et al., 2004). The 

spontaneous insertions of small genetic elements into these regions also led to reductions and 

increases in flhDC (Horne et al., 2016). 

The control for flagellar expression is directly impacted by the activities of several 

transcriptional regulators, many of which rely upon the transfer of phosphates by means of two 

component signaling systems (Igo et al., 1989). In the bacterium, the two-component signaling 

systems function as environmental sensors which lead to responses to external stimuli by the 

bacterium to maintain efficient homeostasis through tightly regulated gene expression. These 

systems are analogous in many ways to eukaryotic sensory apparatus, but instead of reliance 

upon stimuli of particular cell groups in organ systems or specific G-protein systems in a tissue, 

bacteria must rely upon all of these environmental stimuli as a single cell organism. In the 

example of osmolarity, E. coli response to changes in environmental solutes relies upon the 

EnvZ/OmpR system, which utilizes EnvZ autophosphorylation and a transfer of the phosphate to 

OmpR (Forst et al., 1989). The resultant outcome of this signaling produces many effects, such 

as alteration of the ratio of OmpF to OmpC porins when external osmolarity changes through 

envZ and ompR (Aiba et al., 1989). 

The QseC/QseB (quorum sensing) system is integral in the regulation of the pathogenic 

nature of E. coli serotypes through activation of virulence genes (Hughes and Sperandio, 2008). 

QseCB is also interesting for its presence in strains inclined towards biofilm formation and its 

absence in the genome of those consistently planktonic bacterial species in proteobacteria 
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(Sperandio et al., 2002). Though the QseCB system functions within the regular parameters of 

signaling kinases which lead to a downstream expression cascade, they are interesting further 

due to the molecules to which they bind: α and ß adrenergic molecules, such as human 

catecholamines epinephrine and norepinephrine in addition to the autoinducer molecules useful 

for quorum sensing (Sperandio et al., 2003). Questions regarding the ability of bacteria to 

establish a firm quorum for the initiation of pathogenesis led in part to the discovery that, in the 

presence of the adrenergic compounds of the human nervous systems, QseCB was stimulated 

and led to activation of the LEE pathogenicity island similarly to stimulation by AI-2 

(autoinducer-2) and AI-3 (Sperandio et al., 2003). QseCB is studied for its positive regulation of 

the LEE pathogenicity islands, specifically the type III secretion systems that lead to enterocyte 

effacement (Sperandio et al., 2001). In addition, QseCB is also implicated as a positive regulator 

of the genes tynA and feaB, which are implicated with the metabolic ties to bacterial chemotaxis 

in E. coli (Zeng et al, 2013). 

As the QseCB system was originally named, quorum signaling between bacteria can be 

achieved through the autoinducer molecules synthesized by the expression of various lux genes 

in E. coli and other species (Surette et al., 1999). It is also apparent that the quorum signaling is 

not only between bacterial species who express such bacterial genes, but also between the 

bacteria and the mammalian host, whose neurotransmitter molecules may also stimulate the 

QseCB system. These are the ‘human derived compounds” to which bacteria respond, noted by 

research performed by David Hughes, which led to pathogenesis in the mammalian gut (Clarke 

et al, 2006). 
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Figure 1: A Proposed Model for the Cascade of QseCB. Here, NA stands for noradrenaline. AI-

3, adrenaline, and NA bind to QseC, which triggers autophosphorylation in the cytoplasm. From 

here, QseB is phosphorylated and acts to modulate transcription of flhDC, stxAB, and the LEE 

genes. Expression of the LEE genes is also modulated by the two-signal system QseEF (Hughes 

and Sperandio, 2008) 

With two regulating systems are found upstream of the FlhDC transcriptional network 

and are partly responsible for the activity that leads to the synthesis, assembly, and utilization of 

flagella in E. coli. Additional downstream regulation of flagellar assembly and utilization, such 

as the activity of the sigma factor FliA, is integral to generate phenotypes of motility and 

chemotaxis (Fitzgerald et al., 2018). Specific for flagellar motility and chemotaxis, FliA fills 

many roles in several proteobacteria species and is also strongly conserved across many gram-

positive species (Chen et al., 1992). From FliA, many genes specific to the physical apparatus of 

the flagellum are transcribed and assembled to create the flagellar motor complex. 

 

 

Noradrenaline = NA 
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The Flagellum and Taxis 

 The construction of the physical flagellum apparatus is the result of the fliA regulon, 

along with various other flhDC associated structural genes, and has been described as the product 

of stimulation of flhDC by several regulating two-component signaling systems (Kutsukake, 

1994). The flagellum includes a Type III secretion system, which allows for protein units to be 

transported through the double membrane system (Wang et al., 2003). The flagellum FliC 

components are exported by the Type III secretion system and assemble at the tip of the growing 

structure to form the long organelle structure (Macnab, 2003). At the base of this structure sits a 

large reversible rotary motor powered by ion flux (Berg, 2003), which rotates the flagella. 

Regulation of the flagellar synthesis is not similarly driven by purely genetic regulation but as a 

process of phosphorylation events by a two-component system called CheAY (Sowa et al., 

2008). 

 Permeating the membranes of E. coli are chemoreceptors that form a hexagonal lattice 

(Briegel et al., 2012). The classes of these methyl-accepting chemoreceptor proteins (MCPs) 

come in five known groups (Tsr, Tar, Trg, Tap, and Aer) and function in the environmental 

sensory activity for E. coli (Milligan et al., 1988). These MCPs are structurally conserved among 

bacteria, with species variation in the number encoded in the genome. Some species encode 

several dozen MCPs, such as Pseudomonas species (Szurmant et al., 2004). Activity triggered by 

binding of ligands leads to cytoplasmic interactions which influence the direct physiology of the 

bacterium (Falke et al., 2001). The MCP allows for external stimulation to cross the plasma by 

means of signaling systems, such as through the autophosphorylation of CheA. 

Upon an MCP binding with a chemoattractant, a conformational change in CheW/A 

dimer complex leads to a halt to the autophosphorylation of the CheA protein which resides in 
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the cytoplasm (Roggo et al., 2019). CheA, functioning as a kinase, typically phosphorylates 

CheY, a constitutively expressed cytoplasmic protein in the absence of the chemoattractant 

(Surette et al., 1996). Under these circumstances with no chemoattractant , CheW associates with 

CheA, leading to the autophosphorylation of the latter. With CheA to phosphorylate CheY, the 

now prevalent CheY-P binds to FliM, and this leads to the charged residues changing 

conformation and holds the clockwise (CW) rotation orientation bias in the flagellar motor (Bren 

et al., 1998). Under high levels of external positive stimulation, CheA is separated from CheW, 

and no autophosphorylation occurs. CheZ, as protein with kinase activity, will dephosphorylate 

CheY-P as it makes its way to bind FliM. CheY-P in low concentration can be dephosphorylated 

before it binds the flagellar motor, and without being bound, FliM perpetuates the bacterium’s 

default CCW swimming (Parkinson et al., 1979). The uncharged residues are most responsible 

for the default counter-clockwise CCW orientation, leading towards a flagellum bundle bias, but 

their influence in the activity of charged, clockwise motion is not definitive (Zhou et al., 1998). 

When chemoattractant stimulation ceases, CheAW association may be held momentarily by 

methylation of the dimer by CheR, which may be counteracted by the activity of CheB 

methylase (Berry et al., 1999). 

 E. coli may show a “chemotactic memory” by the methylation of the MCR bundle on the 

chemoreceptor for chemoattractants, leading to several seconds of “locked” formation and 

continual CheAY phosphorylation events conserving a CW rotation (Aizawa et al., 2000). The 

binding of the chemoattractant influences the bacterium’s motility in its immediate environment 

from tumbling to smooth swimming. In a phenomenon known as run-and-tumble, periods of CW 

stagnation (tumbling) are intermittently interrupted by periods of smooth swimming CCW even 

with little or no external stimulation (Berg et Brown, 1972).  
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The activity of switching between the CCW and CW flagellar rotation bias is an 

interesting system rooted directly in the external signals: bacteria without external attracting 

stimulation rotate flagella in CW and are tumbling without specific direction, yet the binding of 

an attractant causes the flagella to switch to CCW rotation, which means the bacterium will be 

propelled and instead a straight-swimming period. Interestingly, as E. coli produce flagella 

throughout the cell in a peritrichous arrangement, the bacterium may sense changes in 

chemoattractant across the surface and length of the cell, with relatively high concentrations of 

CheY-P in one side of the bacterial rod leading to reductions in flagellar bundling and smooth 

swimming. This hypothesis would give further credence to the efficiency of the cell’s ability to 

orient itself towards nutrient sources (Barnich et al., 2007). 

TSR and Known E. coli Chemotactic Activity 

 The chemotactic signaling system in E. coli relies on the activity of just a few 

components which in turn rely on the aforementioned MCPs (Bouret et al., 2002). The E. coli 

chemotaxis proteins tend to cluster around one another in the membrane, and this clustering may 

be the basis for the overall sensitivity of the system (Kentner et Sourjik, 2006). It is estimated 

that the E. coli signaling pathway can amplify the stimulation signal and cause near 50% 

increased rotational bias (Segall et al., 1986). The chemoreceptor Tsr binds serine and tyrosine, 

Tar senses aspartate and maltose, Trg senses galactose and ribose, and Tap senses pyrimidines 

and dipeptides (Karavolos et al., 2013). Upon binding of these and structurally similar 

molecules, like Tsr to tyrosine, chemotactic activities have been observed and become a basis for 

further study (Hazelbauer et al., 2008). 

 Tsr has been the receptor of focus in recent experimentation due to recent demonstrations 

that of epinephrine, norepinephrine, and indole bind tightly as ligands. Norepinephrine and 
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epinephrine are catecholamines which are synthesized in the adrenal medulla, which is located 

on the kidneys in the mammalian host, and function as hormones through the body, and 

epinephrine/norepinephrine work as neurotransmitters in addition in neuron synapses (Cervi et 

al., 2013). The role of these and further neurotransmitters in the gut are associated with regular 

inflammation and muscle contraction throughout the gastrointestinal tract (Lomax et al., 2010), 

and regulate bacterial chemotaxis through the Tsr.  

 QseCB, upon binding to ligands such as the AI-2 or nor/epinephrine, leads to the 

degradation of norepinephrine and an increase in the concentration of DHMA in the bacteria’s 

immediate surroundings. Tyramine oxidase, tynA,  tyramine oxidase, and aldehyde 

dehydrogenase, feaB, work to synthesize 3,4 -dihydroxymandelic acid (DHMA) from 

norepinephrine, which increases the growth of gram-negative bacteria (Lyte et al., 1992). More 

recently, DHMA has been demonstrated as a ligand for Tsr and functions as a moderately strong 

chemoattractant (Pasupuleti et al., 2017). 

       

Figure 2: ß-Phenylethylamine, Norepinephrine, and Epinephrine Molecules. Norepinephrine and 

epinephrine are known ligands of the Tsr and are both derived from tyrosine. ß-

Phenylethylamine, a trace amine, has similar functional groups to norepinephrine, including a 

terminal amine. 

 

 It is hypothesized that the space with relatively high DHMA concentration functions as a 

chemoattractant in a quorum-like fashion for bacteria swimming through the intestine, and lead 

bacteria such as E. coli to the surface of the intestinal epithelium for congregation into a biofilm 

community (Lyte et al., 1996). In addition, this DHMA promotes the expression of virulence 
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associated genes on the locus of enterocyte effacement (LEE pathogenicity island) in EHEC 

(Sule et al., 2017).  

Chemotaxis to Gut-Associated Lymph Tissues (GALTs) 

 Mammalian physiology is dependent on homeostatic regulators which control metabolic 

activity in specific tissues and influence the activity of skeletal muscles in addition of autonomic 

contraction (Kawashima, 2005). Peyer’s patches, which are hubs of lymphoid, nervous, and 

respiratory systems, and are typical targets of enterocyte effacement (Phillips et al., 2000). These 

patches, known generally as GALTs, are atypical in the intestine for the fact that they, despite 

the function of the intestine to absorb nutrients, secrete and release monoamines from these 

enteric nerves (Meirieu et al., 1986). Monoamines found in the intestine are numerous, but of 

interesting note is the common synthesis of catecholamines and trace amines by commensal 

bacteria that may impact human-derived compound concentrations (Clemente et al., 2012). 

 A class of molecules which exist in the intestine in trace amounts are the trace amines, 

many of which are derived from amino acids, similarly to the neurotransmitters of the 

catecholamine family and serotonin (Kuroki et al., 1990). One such trace amine of interest is ß-

phenylethylamine (PEA), which is a trace amine known to function in conjunction with 

dopaminergic neurons in the central nervous systems (Mercuri et al., 1997). Though the relative 

concentrations of PEA are found to be nearly two-three orders of magnitude lower than that of 

dopamine in the neuron synapses, its function is considered integral to the overall functions of 

dopamine release and the inhibition of dopamine uptake ins the CNS, though is also present 

throughout the nervous system (Ishida et al., 2005). At high concentrations, it has also been 

shown that PEA degradation products have a distinctive destabilizing effect on bacterial cells’ 

ability to grow biofilms (Horne et al., 2018). 
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 Seeping of catecholamines and some trace amines is most likely a result of the leaky 

nature of the Peyer’s Patches, which function in the education of the immune system by frequent 

exposure to ingested materials (Reboldi et al., 2016). Further, human enterochromaffin cells 

found lining the intestine are the major source of serotonin synthesis in the body are a source for 

other metabolites which are secreted into the intestinal lumen (Furness et al., 2013). Perhaps 

surprisingly, the connections between neurotransmitter synthesis in the intestine, along with 

close connection with blood and lymph tissue, may lead directly to chemical changes in the brain 

(Bellono et al., 2017). This proposed gut-brain connection via the neural and respiratory systems 

is a matter of recent human-bacterial studies. 

 As genomic analyses progress, further progress has been made in associating commensal 

bacteria and their impacts on the mammalian host (Qin et al., 2010). The evolutionary 

relationships between commensal gut bacteria and mammals may reveal further the role of 

bacteria in the host’s metabolic processes in the microbiome studies (Sudo, 2019). In addition, 

the impacts of new and potentially pathogenic microbes may also be interpreted based on the 

changes observed in the gut microbiota (Bäumler et al., 2016). Following the theme of the 

impacts on bacterial physiology as relates to human physiology, the interaction of bacteria on 

surfaces with human neurotransmitters, especially regarding intestinal colonization. 

E. coli Biofilm Formation in the Presence of Neurotransmitters 

 Biofilms are defined as bacterial colonies encased in a matrix that forms on surfaces, 

liquid-atmosphere interfaces, or within eukaryotic cells (Costerton, 1995). The ability of bacteria 

to attach to their position on a surface is mediated by curli and fimbriae, and perhaps pilin 

(Carter et al., 2016). In addition, cyclic AMP concentrations serve functions as secondary 

messengers in the initiation pathway for many bacterial species (Römling et al., 2013). The 
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previously mentioned EnvZ, OmpR, and RcsCDB influence flhD transcription and impact the 

formation of biofilm through biofilm associated cell organelles (Gottesman, 1991) Structures 

such as flagella are integral in the initial foundation of biofilm on surfaces such as the intestinal 

wall, from which further maturation may proceed (Giron et al., 2002). As the biofilm grows, an 

increase in the number of bacteria is needed to gain a concentration of AI-2 to stimulate QseCB 

in these cells, inducing further biofilm formation as well as the expression of various virulence 

factors (Gonzalez et al., 2006). 

Priyankar Samanta, previously a student in the Pruess laboratory at NDSU, engineered 

pPS72, or a flhD::gfp fusion plasmid, which was constructed using a cloned fragment containing 

the flhD promoter from E. coli AJW678. This promoter containing region begins 1,419bp 

upstream of the +1 transcriptional start site and ends 502bp downstream of that same site. This 

flhD promoter region is inserted into a pUA66 vector immediately upstream and in-frame of 

gfpmut2 and makes pPS72 into a reporter that expresses GFP following transcriptional events 

activating the flhD promoter. This construct allows for transcribing gfp relative to the activation 

of the flhD promoter, providing a benchmark for relative flhD transcription. This will be integral 

to gauge relative transcription of flhD specific transcription as indicated by the fluorescence 

observed as a byproduct. 
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Figure 3: The pPS71 Fusion Mechanism. By adding the flhD promoter to the gfpmut containing 

plasmid, activation of the flhD promoter will directly transcribe gfp, which is translated via the 

rbs into GFP protein, and observable by fluorescent microscopy. 

Biofilms pose serious health risks, as many pathogens depose themselves and create 

colonies which constantly serve as a reservoir for the disease’s causative agent (Wong et al., 

2000). The polysaccharide capsule encompassing these biofilm colonies may also provide a 

physical barrier against the host’s immune system as well as rapid distribution of anti-microbial 

compounds (Ryan et al., 1986). Bacterial biofilms often cause diseases in the human body and 

other mammalian hosts, but bacteria are also capable of attachment to inorganic surfaces and 

may serve to transfer contamination from the environment into the new host, as in the case of 

catheters (Rasamiravaka, 2015). This knowledge has led an effort the study biofilms for potential 

treatments to bacteria protected by forming films.  
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Questions and Research Goals 

 It is apparent that the activity of catecholamines function to stimulate the flagellar 

operon. Activity of QseCB also indirectly leads to a buildup of chemotactic agents which may 

then function to attract further bacteria to a niche, once flagellar genes have been expressed and a 

full flagellar apparatus has been built. Once bacteria have begun the process of biofilm 

formation, catecholamines may further contribute to the maturation of said biofilms. 

 Bacterial chemotaxis is attracted to particular compounds which may be found in the 

human intestine. The full list of molecules which exist in the intestine and may stimulate 

chemotactic activity is not entirely known, and likely includes chemotactic agents not yet 

described. Microorganisms which utilize their hosts’ own neurotransmitters or serve to 

synthesize neurotransmitters may have an important role in the chemotactic signals in the gut, 

and can offer insights in the complicated interplay of these species and their molecular arsenals.  

 The use of ß-phenylethylamine has been useful in disrupting processes in bacteria such as 

E. coli, S. aureus, P. aeruginosa, and others in their biofilm communities in limiting general 

growth in pharmaceutical products (Hasan et al., 2019). ß-phenylethylamine also shows similar 

functional chemistry with the other ligands of QseCB and Tsr and it may also be susceptible to 

modification by E. coli enzymes, TynA and FeaB, to degradation into Phenylacetic acid (PAA). 

PAA has been shown to disrupt TypeIII secretion systems in P. aeruginosa (Wang et al., 2013) 

If ß-phenylethylamine can bind QseC and stimulate flhD transcription, it may directly affect the 

growth of biofilm. If these enzymes can modify ß-phenylethylamine into a form which binds 

strongly to Tsr, similarly to DHMA from norepinephrine, or whether it binds without 

modification, ß-phenylethylamine may stimulate chemotaxis. 
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The questions of this study were then formulated: does ß-phenylethylamine affect the 

ability of bacteria to form biofilm through flhD transcription, and what chemotactic effects does 

ß-phenylethylamine induce in E. coli? The following was hypothesized: PEA will function to 

inhibit the ability of E. coli to form biofilm, and PEA will act as a chemoattractant compound. 

To answer these questions involves testing E. coli bacteria with ß-phenylethylamine and other 

similar neurotransmitters under 24-hour long treatments to measure the resultant biofilms formed 

and to determine the relative flhD expression. Secondly, we wish to determine whether ß-

phenylethylamine stands as a potential chemoattractant agent for bacteria through two assays. 

With this information, in addition to the information gain from other common catecholamines 

found in the human intestine, we may be able to identify previously undescribed biofilm 

stimulating molecules as well as some novel chemoattractant.  
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MATERIALS AND METHODS 

Bacterial Strains 

Bacterial strains utilized for this study are summarized in Table 1 and include four non-

pathogenic E. coli strains. The E. coli strain utilized for flhD transcription and biofilm testing 

experiments was E. coli AJW678 transformed with pPS72 and labeled as BP1553. AJW678 is 

noted for growing a robust biofilm (Kumari et al., 2000), and the plasmid PS72 contains the flhD 

promoter from AJW678 fused to the gene for green fluorescence protein (gfp) on plasmid 

pUA66 (Samanta et al., unpublished). E. coli  MC1000 is a strain of highly motile bacteria 

(Castilho et al., 1984) transformed with an ompC::gfp containing plasmid for constitutive gfp 

expression (Keio collection: http://cgsc2.biology.yale.edu/), listed as BP1431. BP1431 was used 

for the plug agarose motility assay for its rapid production of flagella. MC1000 ∆flhD::kn 

(Malakooti 1989) was transformed with pAS Red2 and used as a non-motile control for plug 

agarose assay as a Brownian-motion control and in the microfluidic device assay as a basepoint 

for digital calculations. RP437 has been used previously as the motile strain for microfluidic 

device assays (Parkinson, 1978). This strain carried the GFP expressing plasmid pMC18 (Hansen 

et al. 2001).  

Bacterial strains were stored and maintained as -80oC freezer stocks in 8% dimethyl 

sulfoxide (DMSO). E. coli cultures were prepared by plating from freezer stock onto Luria 

Bertani agar plates (10 g/l tryptone, 5 g/l NaCl, 5g/l yeast extract, 5g/l agar), supplemented with 

the appropriate antibiotic and dosage. Inoculated plates were incubated at 37oC overnight. Liquid 

overnight cultures were prepared from plate colonies by picking isolated colonies and 

inoculating into respective liquid media fortified with antibiotics. 
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Table 1: Bacterial Strains 

Strain 

Collection ID 

Number (BP) 

Genotype Notes Reference 

AJW678 

AJW647 proC+ ΔlacX74 

= thi-1 thr-1(Am) leuB6 

metF159(Am) rpsL136 

ΔlacX74 

  Kumari et al., 2000 

BP1553 AJW678 pPS72 flhD::gfp  

For flhD 

transcription and 

biofilm 

experiments 

 Samanta et al. 

MC1000 

F-, araD139 Δ(araAB 

leu)7696 Δ(lacX74) galU 

galK strA prsL thi 
   Castilho et al., 1984 

  

BP1431 MC1000 ompC::gfp 
Motile strain for 

plug agar assays 
This study 

MC1000 

flhD::kn 

F-, araD139 Δ (araAB 

leu)7696 Δ(lacX74) galU 

galK strA prsL thi 
  

Malakooti et al., 

1989 

  

 BP1605  
MC1000 flhD::kn pAS 

Red2 ampR 

Non-motile strain 

for plug agar 

assays and 

microfluidic assays 

 This study 

 RP437 

F-, thr-1, araC14, 

leuB6(Am), fhuA31, 

lacY1, tsx-78, λ-, eda-50, 

hisG4(Oc), rfbC1, 

rpsL136(strR), xylA5, mtl-

1, metF159(Am), thiE1 

  J.S. Parkinson, 1978 

 RP437 pCM18   
Motile strain used 

in microfluidic 

device assays 

Hansen et al. 2001 
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FlhD Transcription Assay. 

         To determine transcription of flhD, AJW678 pPS72 (BP1553) was grown in an overnight 

culture in tryptone broth (TB, 10 g/l Tryptone, 5 g/l NaCl) at 34oC supplemented with 25µg/mL 

Kanamycin. The overnight culture was transferred into a conical tube and centrifuged for 10 

minutes at 15oC and 4500 rpm in an Avanti Benchtop Centrifuge. The resulting pellet was 

resuspended in 10mL PBS and this suspension was centrifuged for 10 minutes at 15 oC and 

4500rpm. The resulting pellet was resuspended in fresh TB (with 25µg/mL Kanamycin) and 

diluted with such to an OD600 of 0.05. This culture was then transferred into wells of a 24 black-

well plate. The wells were then supplemented with some concentrations of neurotransmitter. 

Twelve concentrations of neurotransmitter in TB were replicated twice in each plate, at 0, 0.1, 

0.5, 1, 5, 10, 50, 100, 250, 500, 750, and 1000 µg/ml. This plate layout was reproduced in three 

biological replicates resulting from individual colonies from the petri plate, yielding a total of six 

technical replicates for each treatment concentration. The neurotransmitter molecules used for 

this study included ß-Phenylethylamine (PEA), dopamine (DOP), epinephrine (EPI), 

norepinephrine (NOR), and serotonin (SER). Plates were sealed and inserted into the Synergy 

H1 Hybrid Reader and incubated at 34oC for 24 h. The plate was programmed to measure OD600 

and relative fluorescence at an excitation/emission wavelength of 485/521nm on an hour interval 

for this 24-hour period to determine growth and flhD transcription at specific timepoints. 

Following the read, the plate was discarded, and the data was exported to an Excel document for 

analysis.   
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Crystal Violet Biofilm Assay 

         Crystal violet (CV) assays were used for the quantification of E. coli biofilm. AJW678 

pPS72 (BP1553) was grown in an overnight culture in TB at 34oC supplemented with 25µg/mL 

Kanamycin. 10µL of this culture was then inoculated into each well of 24 polystyrene plates in 

1ml TB treated with one concentration of neurotransmitter, in a similar fashion to the preceding 

flhD transcription experiment. Plates were then sealed and incubated at 34oC for 24 hours. 

Following incubation, plates were emptied of planktonic cells and excess media, and the wells 

were rinsed lightly with PBS three times to remove non-adherent bacteria and excess media. 

After an hour-long drying period, wells were stained with 0.1% CV solution for 15 minutes. The 

excess stain was then rinsed from the wells with PBS three times, and the plates were dried for 1 

hour. The stained organic material was then extracted with an 80/20 ethanol/acetone solution for 

5 minutes, and 150 µl of extracted CV was transferred to each well of a 96 well polystyrene 

plate. The OD600 of these extractions was read using the Synergy H1 Hybrid Reader and exported 

to an Excel document and the plate was discarded. 

ATP Biofilm Assay 

         ATP assays for the quantification of viable biofilm. AJW678 pPS72 (BP1553) was 

grown in an overnight culture in TB at 34oC supplemented with 25µg/mL Kanamycin. 10µL of 

this culture was inoculated into each well of a 24 well polystyrene plate in 1ml TB treated with 

one concentration of neurotransmitter, in a similar fashion to both preceding experiments. Plates 

were then sealed and incubated at 34oC for 24 hours. Following incubation, plates were washed 

thrice lightly with PBS to remove planktonic bacteria and excess media. Remaining bacteria 

were then homogenized in 1 ml PBS, triturating to break up adherent cells into solution. 100 µl 
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of this homogenized bacterial suspension was pipetted into one well of a 96 well Greiner white 

plate. 100 µl of BacTiter-GloTM reagent was then added to each well. The plate was placed on a 

rotating shaker for 5 minutes and was then read by the Synergy H1 Hybrid Reader for resulting 

luminescence. The data was exported to an excel document and the plate discarded. 

Plug Agarose Assay 

E. coli MC1000 ΔflhD pAS and MC1000 pOmpC::gfp  and were grown overnight 

separately in TB at 34oC with 50 µg/ml kanamycin or 100 µg/ml Ampicillin, respectively. These 

cultures were inoculated 1:40 into new TB the following morning and then were incubated at 

34oC until to an OD600=0.5. 1 ml of each culture was centrifuged at 400rpm for 10 minutes. This 

pellet was washed in each tube using 0.5 ml chemotaxis buffer (CB; 1X PBS, 0.1 mM EDTA, 

0.001 mM l-methionine, 10mM DL-lactate). Both tubes were then rotated at 120 rpm while held 

at 34oC for 10 minutes in an orbital shaker. Lightly resuspended cultures were combined into a 

single tube using a wide-bore pipette tip and gently mixed by inversion.  

To prepare the agarose plug, 950 µl chemotaxis buffer, 20 mg of low melt agarose, and 

chemoattractant (serine or PEA) at concentrations of 0.5 mM, 1 mM, or 5 mM were mixed. To 

each solution, 50 µl of saturated bromophenol blue solution was added and the contents of the 

tube melted together. 5 µl of this molten mixture was pipetted onto a glass microscope slide for 

each assay. Supports made of 10µL plain CB/agarose were placed onto the microscope slide on 

either side of the plug. A glass coverslip was then laid over the supports and plug, leaving a 

small space under the coverslip above the slide. It was recommended to prepare the plug agarose 

during centrifugation and rotation of bacterial cultures.  

50µl-75µL of prepared bacterial culture containing both strains was pipetted gently under 

the coverslip and incubated for 30 minutes at 34oC. Slides were then imaged under fluorescent 



22 
 

microscope under FITC and TRITC filters to generate images of GFP expressing motile bacteria 

and RFP expressing non-motile bacteria, respectively. 

Microfluidic Motility Assay     . 

Methods for the Microfluidic chemotaxis assay have been previously described by Sule N 

et al., 2017 with one alteration: instead of using antibiotic killed, RFP expressing TG1 cells, RFP 

expressing, non-motile MC1000 were substituted. Cells are prepared as described by Mao H et 

al., 2003. 

 Microflow devices were fabricated by use of a laser-lithography method which produced 

an imprint of the device onto a silicon wafer. These silicon wafers were employed as molds for 

the imprints of the channels through the device. A poly(dimethyl)siloxane (PDMA) material was 

mixed and poured onto the silicon wafer mold and allowed to cure. Glass microscopy slides were 

cleaned using isopropanol and acetone and set aside for oxygen-plasma bonding. Devices were 

removed from the silicon wafer mold and access ports were pushed through the PDMS material 

using a semi-sharp 19-gauge needle. Fitting silicon tubing of approximately 18 inches in length 

were placed ¾ of the way into the PDMS ports, or until firmly attached to minimize any leaks of 

breaks. The PDMS device is then adhered to cleaned and oxygen plasma treated glass slides to 

ensure air-tight seal. Onto the silicon tubes, disposable syringe attachments were inserted, and 

syringes filled with CB with added neurotransmitter compound were attached to the outer two 

inlets, avoiding introduction of air bubbles.  

 Cells were prepared similarly to the protocol described for the plug agarose assay, 

substituting RP437 pCM18 for BP1431. Colonies pulled from plates stored short-term in 

refrigeration of BP1431 and BP1605 were grown overnight at 34oC in TB with Erythromycin 

(25µg/mL) and Ampicillin (100µg/mL) added, respectively. Cell cultures were diluted 1:10 into 
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appropriate antibiotic fortified media and grown to an OD600 of 0.5. Cultures were then diluted 

1:5 at a volume of 5 mL each and centrifuged at 400rpm for ten minutes. Following 

centrifugation, supernatant was disposed of, and 0.6 mL of CB was added to each culture. The 

cultures were resuspended gently in a rotator device for ten minutes at 30oC. RFP expressing 

cells were then transferred into the GFP expressing culture, and this solution was gently mixed 

by slight inversion. The combined bacterial culture is attached to the central inflow inlet. 

 The neurotransmitter and culture prepared device were placed into the flow chamber and 

attached to the PicoPlus programmable pump and microscope apparatus. Flow of the pump 

achieved a volume of 5µL/minute, and images (FITC, TRITC, and regular light) were taken once 

every second for 100 seconds for analysis. 

Data Analysis 

Data from the flhD transcription experiments were analyzed from three biological 

replicates and two replicates of each biological replicate for a total of six replicates. The 

replicates for fluorescence were divided by the corresponding replicates for OD600. The final 

timepoints (Fluorescence/OD600) were chosen for this analysis. These values were analyzed by 

One-Way ANOVA for variation from the value of the control samples ([0]) at the 25-hour 

reading. Data points were determined significant at p-values <0.05 by Least Square Means (by t-

distribution) and Dunnett’s test with adjusted p-value utilized to gauge significance. The 

averaged value of the 25-hour timepoint with error bars determined from standard deviation were 

plotted for each concentration. 

 Data from the Crystal Violet and ATP Biofilm Assays were analyzed from three 

biological replicates and two replicates of each biological replicate for six total replicates. Data 

points were analyzed by two-handed Student’s t-test to determine significance compared to the 



24 
 

control. Data points from each concentration averaged together represent the bars in the plots, 

and standard deviation values were used for error bars. 

 Data images from the Plug Agarose assays were analyzed qualitatively for patterns of 

congregation on the agarose plug, comparing with the activity observed in the control plug. 

 Data images from the Microfluidic Device Assays were analyzed by the bCount Software 

as described in detail in Pasupuleti et al. 2017. Pixel counting software counts GFP and RFP 

expressing bacteria in the picture of the cell and determines a line of best fit from the RFP 

bacteria. Variance in the GFP from this line of best fit bacteria may be calculated and determines 

a value for the Minimum Motility Coefficient. Images of the compiled snapshots for GFP and 

RFP are displayed along with the MMC values.  
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RESULTS 

FlhD Transcription Assay – Neurotransmitter Treatment Shows E. coli Response 

 In order to identify the impact of neurotransmitters on the transcription of flhD, an assay 

was performed to quantify the total of such by the parallel expression of fluorescence by Green 

Fluorescing Protein by means of a gfp::flhD fusion. 

 Determination of statistical significance (indicated by the asterisk above the significant 

datapoint) was determined by Least Square Means (LSM) and Dunnett adjustment for multiple 

comparisons with an adjusted p-value of p≤.05 as significant. 

  

Figure 4: Epinephrine and Serotonin flhD Transcription Data. Neurotransmitter treatments on E. 

coli AJW678 pPS72 flhD::gfp yielded fluorescence and optical density data for samples at each 

concentration. The bars represent the averaged fluorescence/OD600 for each concentration at the 

24 hour reading mark. Significance is represented by the * and is found by analysis with LSM 

and Dunnett with significance determined at end adjusted p values p≤.05. 

 

Treatment of E. coli AJW678 pPS72 with epinephrine of AJW678 pPS72 flhD::gfp at 

concentrations of 0.1 µg/mL to 1000 µg/mL yielded no significant differences of relative flhD 
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transcription from bacteria treated with no epinephrine. No significant biological indicators may 

be inferred, and the data would indicate no pattern indicating change with dosage. 

Treatments with serotonin yielded a decreasing pattern of relative fluorescence with 

increasing concentration of serotonin, with the 1000 µg/mL causing a 34.5% reduction of growth 

and a 58.8% reduction in flhD transcription, or 20.1% reduction in relative flhD transcription. 

Further testing at higher concentrations showed more defined reductions in both growth and flhD 

transcription, and may indicate some strong effects on the bacteria’s survival linked with the 

serotonin concentration. 

  

Figure 5: Norepinephrine and Dopamine flhD Transcription Data. Neurotransmitter treatments 

of E. coli AJW678 pPS72 flhD::gfp yielded fluorescence and optical density data for samples at 

each concentration. The bars represent the averaged fluorescence/OD600 for each concentration at 

the 24 hour reading mark. Significance is represented by the * and is found by analysis with 

LSM and Dunnett with significance determined at end adjusted p values p≤.05. 

 

A pattern of a dip may be seen with some treatment concentrations from the 5µg/mL-

100µg/mL range. The norepinephrine treatments of 5 µg/mL-100 µg/mL and 1000 µg/mL reveal 

statistically significant reductions compared with the zero, but the difference in growth at the 

high concentration (1000 µg/mL) may suffer from the toxicity issues.  
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Dopamine treatment at increasing concentrations demonstrate a sharp decline from the 

control, with relative transcription of flhD dropping in the highest concentrations tested. The 

treatment of 1µg/mL-10µg/mL and 1000µg/mL do show significance difference, but the 

difference in growth at the high concentration (1000µg/mL) may be due to the tendency of 

dopamine to oxidize under a near neutral pH, creating a pigment that may influence OD600 

readings. The pigment does not appear to be visible to the naked eye in concentrations lower 

than 500µg/mL. The changes at the high concentration may also imply observable differences in 

the ability of the bacteria to grow, when looking for biological patterns underlying the data for 

the 1000µg/mL treatment group. Regardless of the pigmentation, the data do trend in a 

downward direction with the increase of Dopamine, and reveals relatively less transcription. 

 

Figure 6: PEA flhD Transcription Data. PEA treatments on E. coli AJW678 pPS72 flhD::gfp 

yielded fluorescence and optical density data for samples at each concentration. The bars 

represent the averaged fluorescence/OD600 for each testing concentration at the 24 hour reading 

mark. Significance is represented by the * and is found by analysis with LSM and Dunnett with 

significance determined at end adjusted p values p≤.05. 
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 PEA treatments at concentrations from 0.1µg/mL to 1000µg/mL caused no statistically 

significant difference of relative flhD transcription from the zero concentration. The widest 

observed variations could be found in the datapoints at 5 µg/mL concentrations, for which many 

samples showed much reduced transcription data. The standard error may cast doubt on the 

likely biological significance; the variation may show some effect on the bacteria leading to the 

high error relative to the other treatment groups. 

Crystal Violet Biofilm Assay – Neurotransmitter Treatment Shows Biofilm Mass Impact  

 To quantify the formation of biofilms under the influence of neurotransmitter treatments, 

BP1553 bacteria were placed with neurotransmitter and grown for 24 hours. The resulting 

biofilm was stained, the crystal violet dye was solubilized, and then transferred into a 96 well 

plate and read in the plate reader at OD600. 

 The data points from each replicate were averaged and are represented by the bars in the 

graphs in Figures 6 to 10. The data points were used to determine standard deviation, which are 

represented by the error bars in the same graphs. Significance was determined by variance from 

the [0] dataset by two-handed Student’s t-test with significance determined at end values p≤.05. 
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Figure 7: Epinephrine and Serotonin Biofilm Data. Neurotransmitter treatments of E. coli 

AJW678 pPS72 flhD::gfp yielded optical density data for samples at each concentration. The 

bars represent the averaged OD600 for each testing concentration at the 24 hour reading mark. 

Significance is represented by the * and is found by two-handed Student’s t-test with 

significance determined at end values p≤.05. 

 

The averaged optical density from the samples treated with epinephrine at concentrations 
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biofilm then trends on higher values starting with 10µM at 23.3% increase from the zero, but 

then begins to taper off taper off at the higher concentrations, which may reveal decreases in 

bacterial survivability as biofilm amounts drop below the zero. The spike at 10µM does not 

appear to have any observable indicators in the previous concentrations as they increase. 

Samples treated with serotonin show peaks at 0.5µM at a 30.7% increase and 50µM at a 

50.4% increase, surrounded by gentle increases and decreases. No uniformity in the other 

serotonin treatments are shown to be significantly greater or lesser than in the [0] conditions. The 

statistical analysis shows the increase measured in the 50 µM samples to also be of a significant 
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away in what may appear a bimodal fashion. These peaks are unique among serotonin, with the 

highest demonstrable changes in biofilm mass of all the tested concentrations. 

  

Figure 8: Norepinephrine and Dopamine Biofilm Data. Neurotransmitter treatments on E. coli 

AJW678 pPS72 flhD::gfp yielded optical density data for samples at each concentration. The 

bars represent the averaged OD600 for each testing concentration at the 24 hour reading mark. 

Significance is represented by the * and is found by two-handed Student’s t-test with 

significance determined at end values p≤.05. 
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into a similar range, indicating Dopamine having little role in increasing or lowering total 

amounts of biofilm. 

 
Figure 9: PEA Biofilm Data. Neurotransmitter treatments of E. coli AJW678 pPS72 flhD::gfp 

yielded optical density data for samples at each concentration. The bars represent the averaged 

OD600 for each testing concentration at the 24 hour reading mark. Significance is represented by 

the * and is found by two-handed Student’s t-test with significance determined at end values 

p≤.05. 

 

The treatments of PEA at 1 µM and 500 µM showed statistically significant reductions 

by comparison to the [0]. From 5µM, a strong increase can be observed of a 29.5 percent 

increase, followed by decline that intensifies sharply at 500µM PEA. The drop in optical density 

at the 500 µM concentration shows the strongest reduction observed in biofilm, which may bear 

strong semblance to data derived in work done by Horne et al., 2018, and Irsfeld et al., 2013. 

Further increases in concentration may show an effect of greatly diminishing the bacteria’s 

ability to form films.  
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ATP Biofilm Assay – Neurotransmitter Treatment Shows Little Impact on Biofilm Metabolism 

To support results of the Crystal Violet Assay, the ATP Biofilm Assay was implemented 

to quantify the metabolic activity of biofilms under the influence of neurotransmitter treatments. 

BP1553 bacterial biofilm was solubilized, treated with BacTiter Glo, and read under 

luminescence fiber to gauge relative metabolic activity. 

 Significance was determined by variance from the [0] dataset was found by two-handed 

Student’s t-test with significance determined at end values p≤.05. 

   

Figure 10: Epinephrine and Serotonin ATP Data. Neurotransmitter treatments of E. coli 

AJW678 pPS72 flhD::gfp yielded luminescence data for samples at each concentration. The bars 

represent the averaged luminescence reading for each concentration at the 24 hour reading mark. 

Significance is represented by the * and is found by two-handed Student’s t-test with 

significance determined at end values p≤.05. 

 

The averaged data from the samples treated with 0.5-100 µM fall similarly to the samples 

without epinephrine, yet the 500 µM shows significantly higher viability that the [0]. These data 
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increase followed by a steady rate of decrease may indicate where epinephrine may function as a 

nutrient and as antimicrobial to the bacteria, respectively. 

Samples treated with serotonin did not show any statistically significant increase or 

decrease across all concentrations for viability. The value achieved at the 10µM concentration 

shows a height increased from the zero by 24.5% followed by a steady decrease as the 

concentration increases. Again, a low point near the 5µM then leads to a large increase by the 

seemingly abrupt 10µM. From there, the data descend gradually to the level of the control. 

  

Figure 11: Norepinephrine and Dopamine ATP Data. Neurotransmitter treatments of E. coli 

AJW678 pPS72 flhD::gfp yielded luminescence data for samples at each concentration. The bars 

represent the averaged luminescence reading for each concentration at the 24 hour reading mark. 

Significance is represented by the * and is found by two-handed Student’s t-test with 

significance determined at end values p≤.05. 

 

The norepinephrine treated samples show a small “dip” at the 1µM treatment, but then a 

small “bump” from 5µM to 50µM. Statistically, there are no changes from no Norepinephrine, 

and biologically, there is no difference that would strongly distinguish any group of samples. 

High concentrations appear similar to the control following the high points observed at 

intermediate doses. 
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In contrast, the variation on the samples from the dopamine treatments at 5, 10, and 100 

µM all show significant statistical increases from the [0] of 37.6%, 47.4%, and 29.9%, 

respectively. Treatments between 1µM and 10µM demonstrate and increasing pattern, and at 

50µM demonstrate a definitive decrease. The increases may lead to even more cell 

representation in the physical biofilm compared to the zero, which may also have strong effects 

on the metabolic state of the constituent bacteria in that biofilm. The highest concentrations also 

maintained a higher ATP measurement than the [0] though without a definitive trend. The peak 

of this unimodal peak appears to be at 10µM. 

 

Figure 12 : PEA ATP Data. Neurotransmitter treatments on E. coli AJW678 pPS72 flhD::gfp 

yielded luminescence data for samples at each concentration. The bars represent the averaged 

luminescence reading for each concentration at the 24 hour reading mark. Significance is 

represented by the * and is found by two-handed Student’s t-test with significance determined at 

end values p≤.05. 

The PEA treated samples did not show any significant differences from the [0]. A “dip” 

may be inferred from 1µM to 5µM, then increasing above the controlled sample datapoint. 

Immediately at 10µM, the data trend upward, again reaching levels that are similar in scope to 

the [0] and an increase of up to 24.6% in the 100µM. The biological changes are not so 
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pronounced as to distinguish any one group over another, once error is considered, which is 

larger than in previous experiments in this section. 

Plug Agarose Assay – Treatments of PEA Indicated Chemoattractant Properties 

 To initially qualify the chemotactic influence of PEA on bacteria, the plug agarose assay 

placed both motile (BP1431) and non-motile (BP1605) E. coli in a small chamber with an 

agarose plug containing some chemotactic agent.  After a brief incubation period, the chamber 

was viewed under fluorescent microscope to observe either uniform distribution of bacteria, 

indicating no net chemotaxis, or congregation of the bacteria on the interface of the agarose plug, 

indicating net chemotaxis to the PEA containing plug. Results were determined to show 

chemotaxis based on relative comparison with the control treatment (plain agarose plug). 
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 A      B 

Figure 13: Serine (A) and PEA (B) Plugs at 5 mM. (Agarose plug on the left) The  right side of 

the image shows GFP expressing bacteria suspended in CB. Some visible differences in bacterial 

concentration may be observed as distance from the plug surface increases.The relative number 

of bacteria on the plug surfaces compared with the bacterial suspension is indicative of non-

negligible chemotaxis. 

 

The 5 mM Serine plug with heavy concentration on the plug surface indicates strong 

chemattractant properties of serine. Further bacteria may be observed to the right, but is clearly 

decreasing concentration compared to the highly congested slope of the plug.  

The 5 mM PEA plug may indicate some low to moderate chemoattraction, showing a 

large relative numer of bacteria near to or on the plug’s surface compared to swimming through 

the liquid medium. The lower number of bacteria routinely observed at this concentration may 

also indicate a lack of strong chemoattraction. 
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 A      B 

Figure 14: Serine (A) and PEA (B) Plugs at 1mM. (Agarose plug on the left)  

 

Observable concentration of bacterial cells exists on the surface on the Serine plug, 

forming a large lawn across the plug’s surface. Decreasing cell density further from the plug 

supports the observation of congregation and chemoattraction to the surface. The 1 mM PEA 

shows increased attraction from the higher 5 mM PEA, with visible congregation of bacteria 

forming a thick smear covering the plug’s surface on the left third of panel B (indicated by the 

white box). Dosage dependence appears to factor into the ability for PEA to attract the bacteria. 
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 A      B 

Figure 15: Serine (A) and PEA (B) Plugs at 0.5 mM. (Agarose plug on the left)  

 

0.5 mM serine causes mitigated chemoattraction totally surrounding the plug for a wide 

distance.  Strong chemotaxis to the plug is a likely analysis of serine even at a concentration of 

lower magnitude. The concentration of bacteria further from the plug is clearly dramatically 

lower than in the area surrounding the plug. 

0.5bmM PEA causes chemoattraction comparable to concentrations of 1 mM PEA 

demonstrated in the previous figure. Though a strong congregation of bacteria adere to the 

surface of the 0.5 mM PEA plug (as seen in the white box), the concentration of the bacteria in 

the observable field to the right side may indicate a dwindling effect of dosage. There is very 

likely chemotaxis to the plug, but of a sort that does not create a clear disparity in bacterial 

concentration that is easily recognizable in the serine plugs. 
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Figure 16: Control Plug.  

 

 The bacteria seen through the negative control (Figure 4) are evenly distributed 

throughout the entirety of the liquid environment. The lack of any bacterial congregation implies 

that the buffer control does not show any definitive chemotaxis Similarly, there is no 

congregation that may be associated with handling during the imaging process, which may have 

skewed the image result. Another important function of the control is the define the edge fo the 

agarose plug, as it is a three-dimensiol surface on which the E. coli may fall.   

 The comparison of the control with serine at 5 mM and 1 mM show large differences in 

the congregation of the bacteria on the surface of the agarose plug, as well as the area 

immediately adjacent to the plug in PEA at 1µM and 0.5µM concentrations and serine at 

concentrations of 5µM, 1µM, and 0.5µM. PEA does not immediately show high levels of 

chemotattraction at the 5 mM concentration, but a decrease in concentration to 1 mM and 0.5 

mM show a definitive congregation of bacteria, indicating chemoattraction. The agarose plug 

and surrounding environment in the 5 mM are very similar to the chemotaxis buffer control with 

a field of fairly undisturbed bacteria steadily in the foreground, but for the 1mM and 0.5mM 
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PEA samples, the plug surface becomes strongly lit by fluorescing bacteria. The fields in the 

1mM PEA samples also show a decrease in the even concentration of bacteria that are found in 

the immediate area of the plug, indicating that the bacteria are being pulled while within a certain 

distance of the plug. 

Microfluidic Motility Assay – PEA Demonstrates Quantifiable Chemoattractant Properties 

 The microfluidic assay was employed to determine a specific and quantifiable 

chemotaxis. Pictures were taken at excitation frequencies for both GFP and RFP and were 

conglomerated. The analysis of the photos was conducted through a shape-counting program, 

bCount, which calculates the relative positions of each red RFP non-motile and each green GFP 

motile bacterium. The RFP shapes were used to calculate a line of best fit, and the distance from 

this line to each GFP shape was averaged on the left and right sides, then these two numbers 

were averaged together. This number is the MMC, or the minimum motility coefficient. This 

number describes the intensity of chemotaxis toward test chemicals. 

By placing E. coli RP437 pCM18 and BP1605 into a flow of plain chemotaxis buffer, 

serine, and PEA, values gauging chemotactic behavior were derived by the relevant software. 
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 A      B 

Figure 17: Chemotaxis Buffer Negative Control Microfluidic Assay. GFP (A) and RFP (B) 

expressing bacteria. The spread of the GFP expressing bacteria is calculated by the line of best fit 

determined by the RFP expressing bacteria. Though difficult to spot, some small read bacteria 

can be seen flowing through the center of panel B.  

 

The pictures are taken in such a manner that the edge of the channel is found at the edge 

of the image on the left and right sides. Through the chemotaxis buffer control (negative), motile 

GFP bacteria are concentrated at the center of the channel, with some spread to the left and right 

ends of the chamber. The spread can observable be limited to the center of the image.  

The nonmotile RFP bacteria are sparse, yet can be seen predominately in the center of the 

image in panel B. The tight pattern of the nonmotile bacteria is qualitatively indicative of a lack 

of directional movement from the central flow in the chamber, and any movement from the flow 

would likely be stochastic in nature. Similarly, the impact of external forces, such a Brownian 

motion, or responses to fluorescent light are thus accounted for in the final comparison.  

Following analysis of the bCount software, the chemotaxis buffer control resulted in an 

MMC value of 0.0793472, which is classified as neutral regarding chemoattractant effect. This 

would indicate the buffer has a negligible effect on the chemotaxis through the flow chamber. 
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 A      B 

Figure 18: Serine Positive Control Microfluidic Assay. GFP (A) and RFP (B) expressing 

bacteria. Serine, a documented chemoattractant associated with the Tsr receptor, is used as a 

positive control to determine if the GFP expressing bacteria can chemotax in presence of known 

chemoattractants. 

  

Spread of the GFP expressing motile bacteria in panel A reaches to the very edges of the 

chamber on both the right and left sides of the chamber. Though many bacteria may be seen near 

the middle of the chamber, the almost regular looking spread of bacteria shows a distribution 

covering the majority of the chamber. This is indicative of chemotaxis from the less concentrated 

serine in the middle of the chamber to the more concentrated serine concentrations found in the 

edges of the flow.  

The nonmotile RFP expressing bacteria are here more well represented in the flow 

chamber in panel B. Though there is an observable spread of the RFP expressing bacteria, it 

looks to be contained to the middle of the chamber. It may be helpful to compare Figure 18B to 

Figure 17A to compare the expected flow of non-chemotaxing bacteria of a similar number. It 

should be noted that, though having more red bacteria may be useful, only a few bacteria need be 
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observed by the program to determine a line of best fit, with more bacteria leading to a slightly 

more accurate line. 

Clusters of bacteria may indicate some minute imperfections in the chamber, which may 

lead to odd flow and distinctive channels forming. The lack of a defined channel is useful 

evidence to support the validity of this test. The motile bacteria are qualitatively further from the 

center of the channel and indicate activity on the part of the bacteria to lead away from the 

central direction of flow. The nonmotile bacteria, in contrast, still sit to the center of the 

chamber, showing no disruption of the direction of the flow. 

Following analysis by the bCount software, the serine positive control resulted in an 

MMC value of 0.415973. This value demonstrates wide range for motile bacteria reached in the 

chamber, which is consistent with strong chemotactic activity in the motile bacteria. 

  

 A      B 

Figure 19: PEA Microfluidic Assay. GFP (A) and RFP (B) expressing bacteria. PEA, better 

known as a nutrient source (Horne et al.) is being tested to quantify chemotaxis it may cause in 

bacteria. Again, a low concentration of RFP expressing bacteria in panel B is difficult to observe, 

but not prohibitive for the analysis software. 
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The GFP expressing motile bacteria can be clearly seen across the near entirety of the 

chamber. In comparison with Figure 18 A, one may see that there are some small differences in 

the totality of the spread, most notably, the distinctive “drop” in GFP expressing bacteria to be 

found on the very edges of the chamber. Though slightly less fully spread than serine, the PEA 

chemotaxis can be observed to be of a much higher magnitude that of the chemotaxis buffer 

control by simple side by side comparison. 

The RFP expressing nonmotile bacteria, though more sparse than in Figure 18 B, still 

can be made out in the center of the chamber in Figure 19 B. As in the earlier figures, the RFP 

bacteria remain near the center of the chamber and do not resist any flow from the center. The 

difference between the spread of the GFP and RFP bacteria in Figure 19 is arguably more stark 

than the previous assays by quick visual analysis. 

The PEA microfluidic assay shows a wide range in the motile bacteria, yielding an MMC 

value of 0.356306. This value is considered normal for chemo-attractive effects, when taken with 

earlier publications of the assay. Although there are several known chemoattractive agents, 

serine is one of the strongest chemoattractants. By comparison, PEA’s MMC value of 0.356306 

may be safely described as having definitive chemoattractant qualities.  

Table 2: Minimum Motility Coefficient 

 Chemotaxis Buffer (-) Serine (+) PEA 

MMC Value 0.0793472 0.415973 0.356306 

  

The control for the microfluidic device created a standpoint by which to judge the basic 

dispersion of E. coli in comparison to a known chemoattractant (serine). The analyzed data was 

formed from a single run each of a control, a serine, and a PEA based assay. The images and 
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datasets were selected after a decision to use the RP437 strain bacteria in lieu of our MC1000 

strain used in the plug assay for initial images taken earlier.  

The minimum motility coefficient of 0.5 would indicate a perfect spread of motile 

bacteria across the chamber, and a coefficient of 1.0 to indicate all motile bacteria against the far 

walls of the chamber. By achieving a value much closer to 0.5 than to our “stagnant” value of 

0.079, PEA may be considered a chemoattractant as a result of comparing the MMC values.  
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DISCUSSION 

 In summary of the data, we see clearly that the presence of the various neurotransmitter 

compounds has produced some effect in each particular field. Regarding dosage effects on the 

transcription of flhD, the rapid relative decrease in transcription can be seen in increasing doses 

of Serotonin and Dopamine. In biofilm deposition, the experiment’s intermediate doses showed 

increases in the quantity of biofilm as compared with lower and higher doses in Epinephrine and 

Phenylethylamine, but no consistent changes in Serotonin, and notable decreases in 

Norepinephrine and Dopamine treatments across dosing. The biofilm’s metabolic activity 

showed notable increases at intermediate concentrations between 5µM and 50µM in 

Norepinephrine, Serotonin, and Dopamine, but relatively more moderate change in Epinephrine 

in these same concentrations, and a near opposite trend of a decline at intermediate levels in 

Phenylethylamine. Chemotaxis showed promising trends which then illustrated strong 

chemotactic effects toward Phenylethylamine in comparison with Serine. 

 The transcription of flhD revealed a remarkable effect, namely in Serotonin and 

Dopamine: though moderate dosage showed no great effect on transcription, a relatively high 

concentration of these two neurotransmitters moderated a severe decline in the transcription of 

flhD. Through this data we can glean that these two neurotransmitters have a similar effect and 

may imply a similarity in the mode of action of these molecules on the bacteria’s transcriptional 

regulation. The quickly discernable difference of the totally unobstructed amine found which is 

found at the tail of these molecules, but not found in the others, may be a contributing factor that 

leads to similar binding on some MCP, and thus may explain results that nearly mirror one 

another in the data. As the other treatments did not engender the same activity, I believe the 

similarities of these molecules would be the most likely method of explaining those like results. 
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A more specific dosing of these treatments could be utilized to expand on the similarity of this 

relationship, and how far in concentration this relationship holds true. 

 The formation of biofilm paints a new picture in which results in Epinephrine, Serotonin, 

and Phenylethylamine show a change in the moderate dosing of the neurotransmitters. 

Consistently in Phenylethylamine and Epinephrine, we observe that the moderate concentration 

of the treatments lead to a distinctive rise in the resultant biofilm which then tapers out as 

concentrations rise. Serotonin displays some increases across all treatments, but to spot a 

defining trend proves tricky, and so inferring a mode of action may not be simply stated. 

Although a bimodal distribution looks reasonable in Serotonin and Norepinephrine, testing into 

more specific concentrations in that relative concentration range would likely elucidate whether 

there are two peaks on maximum biofilm formation surrounding two concentrations in particular. 

Norepinephrine and Phenylethylamine also demonstrate a meteoric decline at the higher 

concentrations, which may imply some lethality in this dosing. The mode of action by which 

these molecules influence the biofilm may be more complicated to describe than via the flhD 

network, and may depend on factors not examined directly in this study.  

 As for the metabolic activity gauged, it is apparent that the treatments of the 

neurotransmitters less Phenylethylamine all demonstrated increases, and these increases typically 

show a single concentration in contrast with the bimodal data observed in the earlier mass 

gauged. Some showed gradual raises, such as Epinephrine and Norepinephrine, towards their 

moderate dosing. The other found a more dramatic rise, as found in Dopamine and Serotonin in 

the moderate doses. Only in Phenylethylamine do we observe some instance of a decline, which 

then bounces back to control level metabolism at the higher doses. This seems interesting in the 

cases of the four treatments that increased as opposed to the one that decrease, as perhaps the 
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presence of the treatments at a moderate dosing allowed for some nutrient or positive 

stimulation, but that the moderate dosing of the other perhaps played the role of a toxin or 

antagonist to regular metabolism.  

 In observation of chemotaxis, results of the plug-in-pond assay revealed that 

accumulation of bacteria is distinctive in comparison with the “empty” plug and the positive 

control. Further, a specific concentration of PEA appeared to induce more optimal chemotaxis, 

which may indicate a dosage dependency. The subsequent testing performed in the microfluidic 

device revealed definitive quantitative chemotaxis which gauged positively in comparison with a 

known chemotactic attractant.  

 The results have added to our current understanding of the relationships between 

neurotransmitter molecules and the transcriptional behaviors of E. coli in reaction. Most 

interestingly, relatively high doses of the neurotransmitters Dopamine and Serotonin prove to 

change the net balance of flhD transcribed per bacterium present in the system in a downwards 

trend. In a system where a nutrient or other beneficial molecular is present, a decline in flagellar 

development may be a useful evolutionary strategy to minimize energy expended in motile 

behavior as well as maximize niche adaptation (Pruess, 2017). The high concentration of these 

two neurotransmitters may play a role in preparing the bacteria for a transition to a sessile state, 

though it this assertion may not hold strongly with the data found in the actual creation of 

biofilm, as other neurotransmitters appear to more strongly encourage this activity as well, and 

even more strongly in some cases. Though the particulars of this mechanism may be dependent 

on more than the mere concentration of the neurotransmitters, the fact that the same changes 

could not be found in the remaining treatments would imply different means of effecting the 

bacterium, such as the activity of untested autoinducers which may alter physiology by quorum 
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activated in a related two-component system (Gonzalez et al, 2006). A future venue to explore 

the underlying mechanics could be a study to determine the strength of binding between 

Dopamine and Serotonin to various MCPs which send along messages in the form of 

transcriptional regulation. 

Similarly, physiological changes in the E. coli bacteria also vary with the dosage of the 

specific transmitters show differing biofilm follows treatments of neurotransmitters, but in 

contrast with the flhD regulation, appear to show most concentration changes near the middle of 

the chosen dosing regimen. For Epinephrine, Serotonin, and PEA, a moderate dosing appeared to 

most positively influence the accumulation of biofilm, but relatively low and high concentrations 

show similar quantity development to the control. This may imply that only stimulation in a 

certain concentration may lead to the signal transduction, triggering the change in the biofilm’s 

deposition. This may be an evolved mechanism to deliberately control the allocation of cell 

resources towards to construction of energy-inefficient extracellular matrix in conditions where 

either the advantages of rewards are either too low, or that it would be more efficient to remain 

in a more free planktonic form, due to the relatively high and stable concentration of the external 

nutrient. This and other resource allocation systems may be coupled with the stressors that 

involve EnvZ, OmpR, and RcsCDB, which directly impact this system further upstream 

(Gottesman, 1991) 

The data from the metabolic representation of biofilm testing showing the increased 

metabolic activity at these middle-dosage points would also perhaps glean some understanding in 

the pattern – that, under the optimal conditions where biofilm formation may be optimal under 

some steady but median neurotransmitter signal, was found that the metabolic functioning of the 

bacteria was also higher. This would support the possibility of the inputs towards formation of 
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matrix may be the result of a finely calculated evolutionary pressure, of which the reception of 

the signal by the MCP may be finely tuned towards optimal survivability as regulated by cyclic 

di-GMP (Römling et al., 2013). In this, the data for the Epinephrine and Serotonin seen in total 

mass of biofilm would be explained by the advantages in the doses. Again, here as in the flhD 

activation, the specification of the MCP and relative strength of binding may illuminate more 

clues as to a verifiable mechanism such as was sought after in research spearheaded by Sule et 

al., 2017.  

Of the chemotactic study, the information derived is less than complete, but provides a 

fine clue as to mechanisms in addition to behavior. The chemotaxis found on the plug was novel 

in its own right, describing PEA’s potential as an attractant for E. coli, yet these is still room for 

confirmation of the testing by nature of the single successful attempt of the microfluidic device 

described here. One result that surprised the author was that the concentration of PEA tested for 

the single functioning assay achieved strong chemotaxis in E. coli – an area of research 

considered important for future study by other researchers in motility (Sourjik et al, 2013). This 

indication that the concentration at which chemotaxis is observed is similar in several molecules 

that stimulate the bacterium, like as was the case in DHMA, and so optimal concentrations of 

other molecules to test may be attempted in the same concentration ranges (Pasupuleti et al., 

2017).  

The mechanism for chemotaxis is well known, but the identity of molecules that may 

stimulate the MCP and at what strength in concentration dependency remains an open question, 

even if these results help to narrow the band (Karavolos et al., 2013). But even with this 

knowledge, variables which went here untested may disproportionately impact the result, such as 

the role of the memory functioning in chemotactic activity as well as the resulting relative signal 



51 
 

amplification of the cytoplasmic elements that influence flagellar rotation (Parkinson et al., 

1979). This can offer a clue into the role of concentration into the activity it encourages in the 

bacterium – a very high concentration of neurotransmitter may function to minimize smooth-

swimming and to promote tumbling, all of which acts as a simplistic physiological feedback loop 

to turn off chemotaxis when advantageous. Suffice to say, it is clear that the attraction the E. coli 

tested demonstrates toward PEA is quantifiable at the concentration tested. The mechanism 

through the TSR and the near homologous nature of the molecules known to bind the receptor 

were clues to the possibility of dimerization of this MCP and signaling by this mechanism 

(Milligan et al., 1988). 

The roles of the neurotransmitters on E. coli are certain, and signal transduction is 

believed by the author to be at the root of those mechanisms. A direction into the specific rate of 

binding, dimerization, and subsequent transcriptional regulation/physiological reaction would be 

the means by which to flesh out the likely sources of the variations found by each of those 

neurotransducers. Of curiosity, though many of the molecules have differing effects, most of the 

tested neurotransmitters were of fairly similar molecular composition, usually differing from any 

other by a single functional group. The activity of each of these under different physical 

conditions, may also be useful to discern different environments in which these may have some 

effect. For example, performing testing at a physiological pH of 7.0 may have limited those 

neurotransmitters with a lower half-life under such conditions.   

There are a few notes to be discussed here for correction and contemplation upon further 

testing of these chemical and biological relationships. The testing performed was done under 

conditions that were physiologically suitable to the bacteria tested, under the hope that the effects 

of the neurotransmitters as treatments would be clearly discernable. In some ways, the results are 
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acceptable as a basis for greater study, in that the relationships described here now have a strong 

basis for validation by other means. In some other ways, the efficacy of these tests done in vitro 

may be precluded by accurate description in vivo, as the circumstances under which these 

interactions may take place in nature are bombarded by unknown bacteria, molecules, 

temperatures, levels of pH, and so on.  

A matter of importance for some of the molecules tested is in the limited stability they 

have at a regular physiological pH, as the environments in which they are found either see 

degradation and constant input into that system, or of a decidedly lower pH, as evidenced in the 

intestinal lumen of mammalian species. Even more intriguing is the presence of enzymes in the 

intestine, both from bacteria and other microbes, which may degrade these neurotransmitters and 

therefor alter the molecular composition of the environment and encourage chemotaxis and 

biofilm formation by means we have not considered here (Sule et al, 2017; Meirieu et al., 1986).  

It was hoped that the relationships would be laid bare as to direct attention for future 

designs by removing complication of large living systems, such as in mice. The author of this 

manuscript knows that application may be difficult as of yet, but as more variables are described, 

such testing becomes more reasonable and feasible. With the limitations of the molecules and the 

knowledge of other external factors, together with the added knowledge of the one-on-one 

interactions between the neurotransmitters and E. coli, I believe future experimentation to 

explain these phenomena is more clearly within sight. 
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FUTURE PERSPECTIVE 

Regarding PEA’s Role as a Chemoattractant Agent for E. coli 

 Some new questions come to mind, such as the following: is it PEA that acts as a 

chemoattractant, or is a degradative byproduct of PEA functions as a chemoattractant, similarly 

to Norepinephrine and DHMA? Or Which MCPs bind to PEA/byproducts, and how strongly 

does this ligand bind to the receptor? Or Is this physiological response to PEA specific to E. coli 

species, or does is function as a chemoattractant to bacterial species with various other classes of 

MCPs? Further research must be conducted to distinguish the role of PEA takes in the bacterial 

chemotactic system and will perhaps be useful in novel therapeutic or research methods.  

Since PEA is generally regarded as safe (GRAS) and is found as an ingredient in various 

FDA approved products, it may serve to mitigate worries about use as a supplement (FDA 

Substances Added to Food, accessed 2020). Other compounds known to be metabolic products 

of both host and microbial metabolism are currently being studied in a similar research project 

currently ongoing, including phenylacetic acetate (PAA), which is an oxidation product of PEA. 

 Future research into the applicability of PEA and similar molecules may develop beyond 

dietary supplementation. Testing into the ability of PEA into the chemotaxis of other organisms, 

including pathogens, may determine the efficacy as a potential therapy for bacterial infection. 

Whereas most similar neurotransmitter compounds are fairly toxic at low concentrations 

(Norepinephrine and Epinephrine show an LD50 intravenous in the realm of 550µg/kg and 

150µg/kg respectively, for example), related compounds like PEA are GRAS, under normal use 

(Pubchem, accessed 2020). PEA is both seen in various food products, such as chocolate, and as 

a weight loss or mood supplement (Ziegleder et al., 1992). 
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CONCLUSION 

 The author of this manuscript finds that there is a demonstrable relationship between 

neurotransmitter compound concentration and the regulation of flhD, the formation of biofilm, 

and in chemotaxis in several of the molecules tested. In addition to bolstering earlier literature 

detailing these relationships, there is now new information regarding a homolog of those 

neurotransmitters of which the capacity for encouraging chemotaxis is a central discovery. With 

knowledge of the chemoattractant qualities of PEA, a path may now open toward testing it in the 

interest of the development of some useful tool, perhaps as an agent in the protection from and 

alleviation of acute colitis caused by EHEC and related E. coli species (and perhaps other 

proteobacteria). In addition to other proposed health benefits of this molecule, its relative safety 

and ease of storage may make it a more useful object for testing that the relatively dangerous 

neurotransmitters in pure form. The possibilities for this little molecule are great indeed, and it is 

hoped this addition to our knowledge of its uses in comparison with its cousins may make it too 

tantalizing to be excluded from future comparison with those better recognized molecules.  

 It is the author’s opinion that this study builds a firm foundation for future studies and 

may lead to real benefits in the field of medicine. It is hoped that this and related PEA research 

will discern these benefits as a low-cost alternative to other therapeutic methods and may relieve 

as much pain as possible and may further reduce costs which tax both the public purse and 

limited healthcare services. As the goal of research may often be to establish new information 

regarding the nature of the world and its living components, it is hoped that this information may 

also have the added benefit of creating some utility for those with the patience to understand it. 
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