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ABSTRACT 

 

Bacteria navigate within their environment in response to gradients of several 

environmental cues, including nutrients, toxins, pH, temperature and oxygen. Recent 

studies demonstrate that Escherichia coli also senses signaling molecules, including the 

bacterial interspecies autoinducer-2 (AI-2). Such signals are likely to be encountered in 

the microenvironments inhabited by E. coli and can affect niche localization and 

colonization. AI-2 also affects biofilm formation and architecture in E. coli. In this 

study, I explore the role of AI-2 chemotaxis in biofilm formation. Using fluorescence 

microscopy and crystal violet assays for quantifying attached biomass, I show that, 

under static conditions, wild-type E. coli RP437 cells rapidly aggregate to initiate 

formation of surface-attached biofilms. Strains lacking either of the components required 

to sense AI-2, the binding protein LsrB and the chemoreceptor Tsr, make this transition 

at a slower rate. These results suggest that chemotaxis toward self-produced AI-2 

enhances initial aggregation, thereby contributing to quorum-sensing dependent biofilm 

formation. In in vitro chemotaxis assays, the response to an external AI-2 gradient is 

independent of self-produced AI-2. Furthermore, cells require a very small amount of 

LsrB (~ 50-70 molecules per cell) to exhibit this response. These results suggest that 

cells are able to respond to non-self AI-2 without requiring induction of the AI-2 uptake 

system, which only occurs at higher cell density. In conclusion, our results suggest that 



 

iii 

 

AI-2 chemotaxis allows E. coli to swim to an AI-2 source generated by the same or other 

species, to aggregate at that source, and to initiate biofilm formation.  
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CHAPTER I  

INTRODUCTION  

I.1 Aim and Scope of the Study 

Motile bacteria navigate their environment using a two-component phosphorelay system 

that couples the stimulus generated by sensing a ligand to the direction of flagellar 

rotation. This behavior is termed chemotaxis. The chemosensory network in E. coli has 

long served as a model for understanding signal transduction and response regulation in 

bacteria. In recent years, there has been increasing interest in understanding how this 

organism couples chemotaxis responses to biological signals found in the 

microenvironments it inhabits with behaviors such as biofilm formation and virulence. 

The main aim of this study is to understand the role of chemotaxis toward a specific 

environmental cue, autoinducer-2 (AI-2), in E. coli biofilm formation.  

AI-2 is a bacterial interspecies quorum-sensing (QS) molecule. It is synthesized 

primarily during active growth as part of the activated methyl cycle that is present in 

both Gram-positive and Gram-negative bacteria. As it is produced by a multitude of 

organisms, it is present within numerous environments, including the intestines of warm-

blooded mammals, which is a primary niche of E. coli (4-6). The presence of an intact 

AI-2-dependent QS system has been shown to affect energy-intensive group behaviors 

such as biofilm development in non-pathogenic E. coli species (7, 8) and virulence gene 

expression and attachment to epithelial cells in pathogenic enterohaemmorhagic E. coli 

(EHEC) (9, 10). AI-2 is also a chemoattractant for both pathogenic and non-pathogenic 
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E. coli (9, 11). As AI-2 affects cell density-dependent collective behaviors and because 

cells swim toward it, I hypothesized that chemotaxis toward AI-2 contributes to the 

initiation and establishment of biofilm communities. Understanding the influence of AI-

2 chemotaxis on collective behaviors may allow the development of potent therapeutics 

to combat biofilm formation and reduce infection by pathogenic or opportunistic E. coli.  

I.2 Quorum Sensing 

Several environmentally relevant behaviors, such as biofilm formation, adhesin 

production, toxin secretion and motility are energy intensive, and bacteria invest 

resources in them only when cells are present in sufficient numbers (reviewed in refs. 

(12-16)). Both Gram-positive and Gram-negative bacteria use chemical signal-mediated 

‘quorum sensing’ to determine the population density of the surrounding microbial 

community. These signals, called autoinducers, are constitutively produced and secreted 

by cells. They are present at low concentrations at low cell densities and at high 

concentrations at high cell densities. Synthesis of some autoinducers is under positive 

feedback control. Thus, as the density of the bacterial population increases, autoinducer 

production increases as well. Upon reaching a threshold, autoinducers bind to cell 

surface receptors and induce downstream signal transduction pathways that lead to 

population-wide changes in gene expression. These changes affect various aspects of 

cell physiology and behavior (Figure 1) (17).  

Most known autoinducers are produced and recognized only by members of the 

same, or closely related, species. These molecules are used for intraspecies 
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communication and regulate species-specific behaviors. For example, Gram-negative 

bacteria such as Pseudomonas aeruginosa produce and recognize specific acyl 

homoserine lactones (AHLs) that allow them to regulate behaviors such as biofilm 

formation and virulence factor production within their host, whereas Gram-positive 

bacteria such as Bacillus subtilis use oligopeptides to regulate competence and 

sporulation (13, 15, 18).  

In 1997, Bassler et al (19) discovered that the Vibrio harveyi autoinducer AI-2 

regulates bioluminescence via a second QS pathway that is not restricted to this species. 

The supernatants of cultures of unrelated species, including Yersinia enterocolitica and 

E. coli, induce bioluminescence in V. harveyi. This study was the first to suggest that AI-

2 is probably an interspecies signal. AI-2 has since been studied in several organisms, 

and a number of attempts have been made to understand its role as both an intraspecies 

and interspecies signal.  
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I.3 Autoinducer 2: An Overview 

AI-2 is a five carbon furanone synthesized by the enzyme LuxS as part of the S-adenosyl 

methionine (SAM) degradation pathway (Figure 2). This pathway is present in Gram-

positive and Gram-negative bacteria, including Streptococcus gordonii, Sreptocococcus 

oralis, Bifidobacterium breve, Lactobacillus acidophilus, Vibrio cholerae, E. coli 

(including EHEC), Helicobacter pylori and Salmonella enterica serovar Typhimurium. 

Homologs of luxS have been identified in several sequenced bacterial genomes (17, 18). 

Figure 1: Quorum sensing using autoinducers. Cells (gray) use autoinducers 

(red triangles) to detect the surrounding population density. At low cell 

densities, autoinducers are present at low concentrations. At high cell densities, 

autoinducer concentration reaches a threshold and induces expression of genes 

involved in population density-dependent collective behaviors. 
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Unlike other autoinducers, AI-2 is not one entity but rather a family of chemical species 

that exist in equilibrium (Figure 3) (20, 21). The two cyclized forms, R-THMF and S-

THMF, are sensed by different receptors in different species. The R-THMF form is 

bound by the periplasmic binding protein LsrB in S. enterica, E. coli, Yersinia pestis, 

and Sinorhizobium meliloti (20, 22-24), whereas the borated form of S-THMF is bound 

by LuxP in several Vibrionales, including V. harveyi (25).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: AI-2 is synthesized as part of the SAM pathway. Release of the 

methyl group from SAM results in the formation S-adenosylhomocysteine 

(SAH). SAH is toxic and is immediately converted to S-ribosylhomocysteine 

(SRH) and adenine by the enzyme Pfs. The AI-2 synthase, LuxS, then breaks 

down SRH to form AI-2 (linear form) and homocysteine. Homocysteine is used 

to recycle methionine which is converted to SAM. AI-2 is exported from the cell.  
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Several studies have attempted to understand the QS-dependent signaling role of 

AI-2 in regulating different functions in their organism of interest by knocking out the 

luxS gene and then identifying changes in gene expression and group behaviors 

(reviewed in ref. (26)). The absence of LuxS, and therefore AI-2 signaling, has been 

shown to influence several behaviors, including motility, chemotaxis and biofilm 

formation in H. pylori (27-29), virulence and biofilm formation in Vibrio cholerae (30, 

31), biofilm formation in Bacillus cereus (32), biofilm formation in Staphylococcus 

aureus (33), motility and HeLa cell attachment in EHEC (9) and resistance to antibiotics 

in Streptococcus anginosus and Streptococcus intermedius (34, 35). The absence of 

LuxS leads to metabolic defects in several organisms, and it is therefore often difficult to 

Figure 3: The three chemical forms of AI-2. The linear LuxS product of the SAM pathway, S-4,5-

dihydroxy-2,3-pentandione (DPD, in center), spontaneously hydrates and cyclizes to form S-2-

methyl-2,3,3,4-tetrahydroxytetrahydrofuran (S-THMF) and R-2-methyl-2,3,3,4-tetrahydroxytetra-

hydrofuran (R-THMF, on left). When borate is present in the environment, S-THMF binds it to form 

S-THMF borate (on right). These three forms of AI-2 exist in equilibrium with each other. 
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establish whether the observed phenotypic changes are due to signaling defects, 

metabolic defects, or both (26, 36, 37). Some studies have been able to identify AI-2 

signaling-dependent defects by supplementing the cells with synthetic AI-2. For 

example, Shao et al showed that biofilm growth of an Aggregatibacter 

actinomycetemcomitans luxS mutant can be restored by adding AI-2 to the growth 

medium (38). A few studies have focused on understanding the interspecies signaling 

role of AI-2. Xavier and Bassler (39) made the first attempt by co-culturing V. harveyi 

and E. coli. Their studies found that V. harveyi responds to AI-2 produced by E. coli by 

inducing bioluminescence, and AI-2 made by V. harveyi induces the AI-2 regulated 

lsrACDBFG operon in E. coli. They also found that accumulation of E .coli AI-2 leads 

to induction of V. cholerae hapA, a haemagglutin protease that facilitates detachment 

from the intestinal mucosa (40). Detachment and shedding are important for the spread 

of cholera, suggesting that the availability of AI-2 within the mammalian gut could 

influence the pathogenecity of V. cholerae. In the oral cavity, interspecies AI-2 signaling 

has been shown to regulate mutualistic biofilm formation. The human oral commensal 

bacterium Actinomyces naeslundii lacks luxS and only forms biofilms in the presence of 

AI-2 secreted by Streptococcus oralis or synthetically supplied AI-2, providing further 

evidence of AI-2 as an interspecies signal (41). Porphyromonas gingivalis is a 

periodontal pathogen that typically forms biofilms with Streptococcus gordonii. McNab 

et al showed that biofilm formation did not occur if both organisms lacked luxS. 

However, the presence of luxS in one of the species was sufficient to restore mixed- 
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species biofilm formation, providing another example of an interspecies signaling role 

for AI-2 (42, 43).  

I.4 Autoinducer-2 in E. coli: A Different Paradigm 

In E. coli, AI-2 is produced during mid-exponential phase and begins to accumulate 

extracellularly during late-exponential phase. Unlike other autoinducers that accumulate 

extracellularly at high cell densities, AI-2 is rapidly removed from the medium during 

stationary phase (44). Furthermore, AI-2 has not been shown to bind directly to cell 

surface receptors to induce signal transduction pathways that mediate changes in gene 

expression in E. coli. Instead, E. coli has a system dedicated to the uptake and processing 

of AI-2 called the LuxS regulated (Lsr) system (Figure 4). The Lsr system consists of 

two divergently transcribed operons, lsrRK and lsrACDBFG. The lsrACDBFG operon 

contains genes for AI-2 uptake and degradation, whereas lsrRK contains regulatory 

proteins. LsrB binds periplasmic AI-2 and this complex interacts with the ATP-binding 

cassette (ABC) transporter LsrACD to internalize AI-2. LsrK phosphorylates 

internalized AI-2 (44). LsrF and LsrG degrade phosphorylated AI-2 (P-AI-2). LsrR 

represses both the operons in the absence of phosphorylated AI-2 (P-AI-2). The presence 

of P-AI-2 leads to the de-repression of both the operons and the consequent synthesis of 

uptake, processing, and degradation components (45, 46). Interfering with AI-2 

synthesis or the Lsr system leads to defects in phenotypes such as motility and biofilm 

formation and architecture (7, 8, 47, 48), suggesting that AI-2 mediates quorum sensing-

dependent behaviors in this organism. 
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Figure 4: Uptake, processing, and degradation of AI-2 in E. coli. AI-2 (red pentagons) 

diffuses into the periplasm and is bound by the binding protein LsrB. LsrB bound AI-2 

interacts with the ABC transporter LsrACD to transport AI-2 into the cell. Internalized 

cytoplasmic AI-2 is phosphorylated by LsrK. P-AI-2 binds to LsrR to relieve repression 

of the lsrRK and lsrACDBFG operons. AI-2-P is simultaneously isomerized by LsrG to 

make 3-hydroxy-2,4-pentanedione-5-phosphate (P-HPD), which exists in equilibrium 

with its hydrated form 3,4,4-trihydroxy-2-pentanone-5-phosphate (P-TPO) (1). P-HPD is 

then broken down into acetyl-CoA and dihydroxyacetone phosphate (DHAP) by LsrF (2).  
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I.5 The Chemotaxis System in E. coli  

E. coli is a Gram-negative bacillus belonging to the Enterobacteriaceae family. The 

cells are about 2-4 µm long and 0.5-1 µm in diameter. Thin, left-handed helical flagella 

protrude from seemingly random spots on the cell surface. Flagellar rotation propels the 

bacteria through liquid or semi-solid media, allowing them to swim as fast as 30 µm/s.  

In a homogenous medium, an E. coli cell swims in a random pattern that is 

characterized by alternating runs and tumbles (Figure 5A). A run, an interval of smooth 

swimming that occurs when the flagellar filaments bundle together and rotate in the 

counterclockwise (CCW) direction, typically lasts for several seconds. Clockwise (CW) 

rotation of the filaments disrupts the flagellar bundle, causing the bacteria to tumble and 

reorient in a random direction. A typical tumble lasts for less a fraction of a second. 

Natural environments are rarely homogenous, and bacteria encounter gradients of 

chemical ligands (called chemoeffectors) while swimming through them. They are 

capable of sensing spatiotemporal changes in the concentrations of chemoeffectors, and 

this ability allows cells to bias their movement up or down concentrations gradients of 

attractant and repellent molecules, respectively (49). This behavior is called chemotaxis 

(Figure 5B). Runs are longer when moving up an attractant gradient or down a repellent 

gradient.  
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Figure 5: Movement of an E. coli cell in three-

dimensional space. A) Movement in a homogenous medium 

(uniform blue background) is random and is characterized by 

alternating runs (CCW) and tumbles (CW). B) Movement 

becomes biased in the presence of a chemoeffector gradient. 

The black arrow points from low to high attractant 

concentration. The red arrows represents the net 

displacement of the cell. 
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The well-studied chemotaxis signaling cascade that controls flagellar rotation in E. 

coli is shown in Figure 6. Attractant or repellent ligands bind to transmembrane methyl 

accepting chemotaxis proteins (MCP) in the periplasm. MCPs transduce the signal from 

ligand binding to a cytoplasmic histidine protein kinase CheA. Autophosphorylated 

CheA in turn transfers the phosphoryl group to two response regulators, CheY and 

CheB. Alternating runs and tumbles occur because of a finely tuned balance between 

CheY and CheY-P levels. The methylation state of the receptor allows cells to adapt to 

the current chemoeffector concentration, which permits sensing spatiotemporal changes 

in concentrations. CheB-P, a methylesterase, removes methyl groups from the receptor 

that are added by CheR, a methyltransferase. The interplay between these enzymes 

controls the methylation state of the receptor.  

The chemosensory system is located at the cell poles, being larger at the old cell 

pole, and it is highly organized (3, 50, 51). This high level of organization results from 

the clustering of individual MCP homodimers. MCPs of the same or different types 

cluster together to form stable trimers of dimers in the presence of CheA and the adaptor 

protein CheW. These organized clusters contribute to the sensitivity of the chemotaxis 

system by allowing signal amplification upon binding of a ligand (3).  
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I.6 Chemotaxis toward Signals in E. coli  

Directed movement of bacteria in response to environmental stimuli such as nutrients 

and toxins, temperature, pH, osmolarity, oxygen, reduction potential and light have been 

Figure 6: Chemotaxis signaling cascade in E. coli. Changes in ligand (attractant or repellent) 

concentrations are sensed by MCPs, the adaptor protein CheW (W), and the histidine kinase CheA (A). 

Binding of an attractant inhibits CheA autophosphorylation, whereas binding of a repellent enhances it. 

Autophosphorylated CheA (A-P) transfers a phosphoryl group to CheY (Y). Phosphorylated CheY (Y-P) 

diffuses to the flagellar motor (black box) and binds to the motor switch protein FliM. This results in a 

change in the rotational direction of the motor from CCW to CW. When the flagella rotate CW, the 

flagellar bundle is disrupted, and the cells tumble. The enzyme CheZ (Z) is a phosphatase that 

dephosphorylates CheY-P and controls the frequency of runs and tumbles by controlling the ratio of 

CheY:CheY-P. Adaptation of the system to chemoeffector concentrations is mediated by two enzymes: the 

methyltransferase CheR (R) and the methylesterase CheB (B). CheR and CheB add or remove, 

respectively, methyl groups at specific glutamyl residues on each MCP monomer. The ratio of methyl 

groups determines the sensitivity of the receptor to chemoeffectors. Adapted from ref. (3). 
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explored by many researchers since the tactic behavior of bacteria was first discovered 

(51, 52). Recently, a few groups have initiated investigations using pathogenic bacteria 

such as H. pylori, Salmonella enterica serovar Typhimurium and EHEC to understand 

how chemical signals produced by other bacteria or the host contribute to niche 

recognition, attachment, proliferation and, ultimately, virulence in these organisms (9, 

11, 29, 53-56).  

E. coli is primarily found in the intestines of warm blooded mammals as well as 

some birds, reptiles and fish. It is also found in sewage, and cells can make their way 

into food and water if these are contaminated with sewage (5). While moving through 

the GI tract, E. coli encounters an enormous array of molecules, many of which serve as 

chemoeffectors sensed by the chemotaxis system. These molecules originate from 

multiple sources: they can be nutrients derived from the diet, such as sugars and amino 

acids, or signal molecules released by other microbial inhabitants, such as AI-2, acyl 

homoserine lactones, indole, or signal molecules released by the host, such as the 

neurotransmitters norepinephrine and serotonin. It has been speculated that the 

integration of responses to all these molecules influences the behavior and ultimate 

localization of E. coli within the gut.  

The interspecies signal AI-2 is a five carbon furanone synthesized by the enzyme 

LuxS as part of the SAM pathway. The SAM pathway and homologs of luxS are present 

in several Gram-positive and Gram-negative bacteria, including several mammalian 

commensals and pathogens. Bansal et al. predicted that this ubiquitous signal could 
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potentially affect the virulence and infection ability of EHEC within the GI tract by 

influencing virulence phenotypes such as motility, chemotaxis and attachment to 

epithelial cells (9). Their study was the first to identify that AI-2 is sensed as a 

chemoattractant. They also found that AI-2 increases EHEC motility and adherence to 

HeLa cells. They concluded that, as AI-2 leads to an increase in virulence phenotypes 

that contribute to colonization, it is likely that the presence of AI-2 within the GI tract 

enhances EHEC virulence.  

In E. coli, ligands are sensed directly by the periplasmic domains of transmembrane 

methyl-accepting chemotaxis proteins (MCPs) or indirectly when they bind to 

periplasmic binding proteins that then interact with the MCP. E. coli has four 

transmembrane MCPs: the L-serine receptor Tsr, the aspartate/maltose receptor Tar (57), 

the galactose/ribose receptor Trg (58, 59), and the dipeptide/pyrimidine receptor Tap 

(60, 61). The fifth chemoreceptor, Aer, cannot be methylated and is involved in 

mediating aerotaxis by monitoring redox changes in the electron transport chain (62). 

Tar, Tsr and Aer are well preserved with a high degree of sequence homology in both 

commensal and pathogenic E. coli, whereas Trg and Tap are absent from a majority of 

pathogens (63, 64).  

Hegde et al used non-pathogenic E. coli strain RP437 as a model to determine 

which of the five receptors is involved in chemosensing AI-2. Their study showed that 

chemotaxis toward AI-2 is mediated by Tsr. Moreover, AI-2 is sensed indirectly; it must 

first be recognized by the AI-2 binding protein LsrB, which in its ligand-bound form 



 

16 

 

docks onto Tsr. This report was the first to identify a periplasmic binding protein that 

interacts with Tsr. That study raised several questions related to the molecular 

mechanism involved in sensing an AI-2 gradient and to the ecological benefit of doing 

so. Both of those questions are addressed in this study.  
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CHAPTER II 

INVESTIGATING THE ROLE OF AI-2 CHEMOTAXIS IN BIOFILM FORMATION 

II.1 Overview 

E. coli produces and secretes the quorum-sensing (QS) signal AI-2 during active growth. 

In shaking cultures, AI-2 accumulates extracellularly during late exponential phase and 

is then rapidly imported and degraded. AI-2 signaling resulting from internalization 

regulates patterns of gene expression that promote biofilm development. E. coli can also 

migrate up an extracellular gradient of AI-2, which requires the periplasmic binding 

protein LsrB and the L-serine chemoreceptor Tsr. As AI-2 influences both biofilm 

formation and chemotaxis, I undertook this study to determine whether chemotaxis to 

AI-2 contributes to biofilm formation. Using the crystal violet staining assay to quantify 

surface-attached biofilm biomass, I found that, under static conditions, GFP-tagged E. 

coli RP437 cells (WT) cells adhere to a surface more strongly than cells lacking 

components required for AI-2 chemotaxis or AI-2 production. Decreased attachment of 

the knockout strains is possibly influenced by interactions occurring during the initial 

stages of biofilm development. My observations show that strains lacking LsrB and Tsr 

form self-aggregates and microcolonies on a surface at a slower rate than WT. The 

behavior of these knockouts resembles that of ΔluxS cells that do not produce AI-2, 

suggesting that the presence of AI-2 and the ability to chemo-sense it are required to 

form cellular aggregates. Strains defective strains in AI-2 uptake and processing respond 

like WT cells to an external AI-2 gradient, but they are defective in both initial 
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aggregation and biofilm formation. These data suggest that chemotaxis to external AI-2 

is insufficient to induce the full range of density-dependent behaviors; an intact AI-2 

uptake and processing system is required for optimal aggregation and biofilm formation.  

II.2 Introduction 

Bacteria rarely exist as individual cells in natural environments. They form complex 

surface-attached communities, called biofilms that are encased in an extracellular matrix 

composed of polysaccharides, proteins, and nucleic acids. Living in a biofilm allows 

cells to capture and share nutrients more effectively and also remain protected against 

environmental challenges such as exposure to antimicrobial agents and attack by the host 

immune system (65-70). Biofilm development on a surface begins when planktonic cells 

sense and reversibly attach to the surface by incorporating information obtained from 

several mechanical and chemical cues (71-77). Reversibly attached cells commit to the 

surface after sensing the local environment (78, 79). Irreversible attachment onto the 

surface in facilitated by turning off the expression of genes that promote a planktonic 

lifestyle. In Gram-negative bacteria, for example, flagella and pili expression is turned 

off and expression of exopolysaccharides (EPS) and adhesins that promote irreversible 

attachment is turned on (80). The pattern of gene expression changes in response to 

signals regulated, at least in part, by quorum-sensing molecules. These induce the 

initiation and maturation of biofilms, which can be very complex both in species 

composition and in three-dimensional architecture (81, 82).  
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Reversible attachment of motile bacteria to a surface is facilitated by flagellar 

rotation. Active motility allows cells to overcome the repulsive electrostatic and 

hydrodynamic forces associated with surfaces and facilitates the transition from life in 

the bulk medium to life on the surface (47, 66, 80, 83-85). Flagellar rotation has also 

been implicated in triggering cell-cell interactions by altering hydrodynamic conditions 

surrounding cells. Cell-cell interactions may enhance surface attachment via the 

formation of aggregates with high enough local population densities that promote the 

quorum-sensing dependent behavior and patterns of gene expression required for biofilm 

formation (86). Chemotaxis regulates the migration of planktonic cells by causing 

changes in the direction of flagellar (51, 87). It is possible that changing patterns of 

flagellar rotation may promote interactions among cells and between cells and the 

surface that are important during the initial stages of biofilm development (86). Some 

studies suggest that cells trap ions and small molecules in a thin layer of fluid between 

the cell body and the surface once they attach to the surface. This leads to the formation 

of a microenvironment that is unique to the attached cell (88). Chemical gradients 

emanating from such microenvironments may serve to attract planktonic cells.  

E. coli secretes the interspecies signaling molecule AI-2 during active growth. AI-2 

is synthesized by the enzyme LuxS as part of the S-adenosyl methionine (SAM) pathway 

that donates methyl groups to various substrates for carrying out essential functions such 

as DNA and protein methylation. AI-2 has been shown to regulate collective behaviors 

such as attachment, virulence, and biofilm formation in E. coli (7, 8, 48, 53). It is also a 
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chemoattractant that is sensed by the L-serine chemoreceptor Tsr (11). In this study, I 

asked whether AI-2-producing surface-attached cells attract planktonic cells and whether 

AI-2 chemotaxis contributes to the formation of self-aggregates. As aggregation is a 

precursor to biofilm formation, I also asked if chemotaxis to AI-2 affects biofilm 

formation on a surface. 

Aggregation and attachment are essential factors in establishment of infections 

caused by pathogenic E. coli such as EHEC (89). The resulting biofilm formation is key 

for the persistence of chronic inflammatory conditions within the gut by pathobionts 

such as Adherent Invasive E. coli (AIEC) (90). Understanding the role of AI-2 

chemotaxis in the colonization of the gut epithelium by pathogenic E. coli should 

contribute to the development of novel methods to combat these organisms by 

interfering with their ability to form biofilms.  
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II.3 Materials and Methods  

Bacterial strains, chemicals, and growth media  

E. coli RP437, the lab strain that has been widely used to study chemotaxis (91), 

transformed with the GFP-expressing (gfpmut3*) plasmid pCM18 (provides resistance 

to erythromycin) (92) is the wild-type strain used in this study (referred to as WT). All 

other strains used in this study are listed in Table 1. Gene deletions were made using P1 

transduction (93, 94) and kanamycin cassettes were eliminated using FLP recombination 

(95, 96). Primers used to verify gene deletions are listed in Table 2. Overnight cultures 

were either grown in tryptone broth medium (TB; 10 g/L tryptone, 10 g/L NaCl) or 

Luria Bertani medium (LB; 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) at 30°C, 

250 rpm. All strains were grown in TB medium for OD600nm growth measurements at 

30°C, 250 rpm. AB minimal medium supplemented with 0.5% casamino acids (BD 

Biosciences, USA) and 2.5 mg/mL thiamine hydrochloride (Alfa Aesar, USA) 

(ABTCAA) (97) was used for observing aggregation and in the crystal violet biofilm 

formation assay. Overnight culture media contained 100 µg/mL erythromycin (VWR, 

USA) to maintain pCM18. No antibiotics were added to the medium for the other assays.  

Observation of self-aggregation  

To observe aggregation and determine whether there were differences in aggregations 

among the strains, I introduced cells into non-coated 96 well polystyrene plates (Costar; 

Corning, USA) or non-coated cover glass wells (Nunc ® Lab-TekTM chambered cover 
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glasses, 8 chambers, VWR, USA) and then obtained two dimensional images using 

fluorescence microscopy (Carl Zeiss Axiovert 200M inverted microscope; 20x objective; 

total magnification = 200x). All strains were grown to saturation (16 h) in LB with 100 

µg/mL erythromycin at 30°C with shaking at 250 rpm. The cultures were diluted to 107 

cells/mL in ABTCAA medium. 200µL of the diluted culture was introduced into each 

well. The plates or 8-chambered wells were placed in a humidified chamber at 30°C or 

37°C and imaged at the specified time points (one plate per time point).  

 

 

 

Table 1: Strains used in this study. 

Strain name in text Relevant genotype or phenotypea Reference 

ΔluxS E. coli RP437ΔluxS/pCM18 ErmR StmR This study 

ΔlsrB E. coli RP437 ΔlsrB/pCM18 ErmR StmR This study 

Δtsr E. coli RP437Δtsr/pCM18 ErmR StmR (11) 

ΔlsrC E. coli RP437ΔlsrC/pCM18 ErmR StmR This study 

ΔlsrR E. coli RP437ΔlsrR/pCM18 ErmR StmR This study 

ΔlsrK E. coli RP437ΔlsrK/pCM18 ErmR StmR This study 

TL-26 V. harveyi ΔluxN ΔluxS ΔcqsS (104) 

a Stm – streptomycin, Erm – erythromycin 
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Table 2: Primers used for PCR verification of KmR insertion mutants. 

Primer Name Sequence (5’- 3’) Source 

K1 CAGTCATAGCCGAATAGCCT (95) 

lsrC_F CAGCATCGCCGCACAAAATG This studya 

lsrC_R GCAGATAAAGTCACTGGTGCTGAAC This studyb 

lsrR_F GCTCGTAGAGTCAAACTGTGGT This studyb 

lsrR_R ATCTCAGCCCGAATACTTCCG This studyb 

lsrK_F GATCAGGACACAGCAGCGG This studyb 

lsrR_R ACGATGAATCTGCAAGCTGGCTT This studyb 

a F = forward or upstream primer b R stands for reverse or downstream primer  

 

 

Image processing 

Cells of the same biological replicate were imaged in different plates at the specified 

time points. I used a constant exposure time (between 100-300 ms) to avoid 

overexposing cells or introducing artifacts. All images were adjusted for sharpness, 

brightness, and contrast using the ‘auto adjust colors’ option in IrfanView (Irfan Skiljan, 

http://www.irfanview.com/). To clearly show the cellular aggregates the initial images, I 

split each image (1388 x 1040 pixels) by three rows x three columns into 9 total images 

(462 x 346 pixels) using the montage to stack option in ImageJ (98).  
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Quantitative analysis of aggregates in images  

I used a simple code written in Matlab R2016b (Mathworks, USA) to quantify the 

differences in aggregation. The analysis consisted of the following steps: (i) thresholding 

of the raw grayscale images using the Otsu filtering method to generate binary images 

where high intensity pixels are set to 1, white, and low intensity pixels are set to 0, 

black; (ii) objects were then constructed by grouping each white pixel from each 

threshold image into an object (each object is composed of a set of connected white 

pixels); (iii) objects above a certain size (in number of pixels) for each image were 

identified; and the aggregate number of pixels in those objects was summed and divided 

by the total number of pixels with a threshold of 1 in the corresponding image. This ratio 

was plotted for each strain and allowed me to compare aggregation among the strains.  

Quantification of attached biomass using crystal violet  

Polystyrene plates have been extensively used to study biofilm development, which is 

the reason I chose to study aggregation and biofilm formation on this surface (84, 97, 

99). Indirect determination of biomass attached to the wells of the polystyrene plate was 

determined using the well-established crystal violet assay. Crystal violet stains 

extracellular matrix polymers and cells (99, 100). Briefly, strains were grown to 

saturation (16 h) in TB with 100 µg/mL erythromycin at 30°C with shaking at 250 rpm. 

The cultures were diluted to 107 cells/mL in ABTCAA medium. 200µL of the diluted 

culture was introduced into each well. The plates were placed in a humidified chamber at 
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30°C or 37°C. At the specified time point, the density of suspended cells was measured 

by reading OD600nm using a microplate reader (Molecular devices, USA). Unattached 

cells were discarded from the wells which were then rinsed once with distilled (DI) 

water to remove any remaining loosely attached cells. The plates were air dried 

overnight or at 37°C for one hour. 250 µL of 0.1% crystal violet (CV) was introduced 

into each well and the plate was incubated for 15 minutes at room temperature. The CV 

was discarded and the wells were rinsed thrice with DI water. Excess water from the 

wells was removed by dabbing the plate on blotting paper. The plates were air dried 

overnight or at 37°C for one hour. 250 µL of 33% acetic acid was introduced into each 

well. The solubilized CV from the stained cells was transferred to a new plate and the 

absorbance was read at 590 nm using a microplate reader (Molecular devices, USA).  

Vibrio harveyi bioluminescence assay 

V. harveyi TL-26 was used to detect AI-2 accumulation in biofilm culture fluids as 

previously described (101). Briefly, 100 µL of biofilm culture fluid was collected at the 

desired time point centrifuged at 16,100 x g for 10 min at 4°C. 10% of the cell-free 

supernatant was added to 90% TL-26 culture (1:5000 in AB medium) in an opaque 

white 96-well plate (Greiner Bio-One, USA) and incubated at 30°C for 4 h. 

Luminescence from each well was read using the Mithras LB940 Multimode Microplate 

reader (Berthold, USA). Luminescence output from the reader is expressed as Relative 

Light Units (RLU) per second. Luminescence output of the control wells i.e. ABTCAA 

medium only is negligible at this time point. The luminescence of the samples is 
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represented as fold induction in bioluminescence which is obtained by background 

normalizing the sample RLU.  

Determination of chemotaxis response using capillary assays  

Capillary assays were carried out as previously described (102) with the following 

modifications for preparing cells before introducing them into chemotaxis chambers. 

Cells were centrifuged at 600 x g for 10 min, followed by gentle resuspension in a 

volume of chemotaxis buffer (CB, 1X phosphate-buffered saline, 100 µM EDTA, 1 µM 

L-methionine, and 10 mM lactic acid, pH 7.4) such that the final OD600nm = ~0.5. The 

tubes were then placed on a low-speed tube roller at 30°C for 15 min before being 

introduced into the chemotaxis chambers. The number of cells accumulated in the 

capillary was determined by subtracting the accumulation of cells in CB from the 

accumulation of cells in the presence of the attractant. 

Generation of growth curves  

All strains were grown in TB medium or ABTCAA medium with swirling at 250 rpm 

for aeration, and the optical density (OD600nm) of the culture was measured at the 

specified time points.  

Swim plate assay for observing chemotaxis and motility  

All strains were grown in LB medium with 100 µg/mL erythromycin for 16 h at 30°C, 

250 rpm. 2.5 µL of each culture was placed on the surface of freshly poured 0.3% TB 
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agar plates. Plates were incubated at 30°C for 16 h, at which time the diameter of the 

swimming zone (cm) was measured. 

Congo red assay for detection of curli production  

Curli production was assessed by streaking strains on YESCA congo red plates (10 g/L 

casamino acids, 1 g/L yeast extract, 20 g/L agar, 50 µg/mL congo red (103). Plates were 

incubated at 30°C or 37°C for maximum time of 72 h. Colony color was checked every 

24 h.  

II. 4 Results  

Bacteria exist within surface-attached, matrix-enclosed communities called biofilms in 

almost all natural environments. The process of formation and maintenance of biofilms 

is extremely complex and entails social interactions between different microbes as well 

as between the organisms and the environment (67). Biofilm development has been 

extensively researched since biofilms were first identified by Anton Von Leeuwenhoek 

in plaque from his teeth in the 17th century. Under lab conditions, biofilms are studied 

using various techniques, including confocal laser scanning microscopy (CLSM), 

biofilm-staining assays, and metabolic assays. The technique used determines the 

information obtained about a specific aspect of biofilm development. For example, 

CLSM is widely used to study thick, three-dimensional biofilms as it provides insight 

into the spatial distribution of cells and matrix components within the biofilm (105-107). 
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In this study, I used the crystal violet assay to evaluate biofilm formation as a measure of 

surface attached biomass. 

E. coli resides primarily in the intestines of warm-blooded mammals that 

maintain their temperature around 37°C (4). Its secondary habitat is outside the host, 

where it is found in soil, sewage, water bodies and contaminated food sources (108, 

109). E. coli has evolved several mechanisms to modulate its behavior based on 

environmental conditions (110). Hence, I performed all the experiments in this study at 

both 30°C and 37°C which are representative of ex vivo and in vivo temperatures 

respectively.  

Biofilm formation on an abiotic surface  

I quantified biofilm formation of ΔlsrB and Δtsr strains and compared it to that of WT 

and ΔluxS strains to determine whether components required for AI-2 chemotaxis affect 

biofilm formation. Figures 7A and 7B show that there is more biomass attached to the 

polystyrene wells with the WT strains than with the ΔlsrB, Δtsr and ΔluxS strains after 

24 hours of incubation at both 30°C and 37°C. These data suggest that knocking out AI-

2 production or the components required for sensing AI-2 as an attractant decrease 

adherence to an abiotic surface. More biomass attached to the polystyrene wells at 37°C 

compared to 30°C with all strains. This could, in part, be due to a decrease in the 

motility of E. coli RP437 cells at 37°C.  
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A 30°C 

B 37°C 

Figure 7: Quantification of attached biofilm biomass using the crystal 

violet assay. Cells were grown in 96-well polystyrene plates as described in 

Methods and were incubated for 16 h or 24 h at 30°C (A) or 37°C (B). Data 

shown are averages of five replicate wells each for six biological replicates. 

Error bars represent the standard error of the mean of the replicates. 
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Flagellar rotation promotes surface sensing and attachment during initial stages of 

biofilm development. Chemotaxis toward or away from molecules also affects the 

rotation of flagella. I hypothesized that the defect seen in biofilm formation on 

polystyrene plates could be mediated by AI-2 chemotaxis-dependent interactions during 

the initial stages of attachment and growth on a surface.  

Self-aggregation on an abiotic surface 

To test this hypothesis, I observed the behavior of GFP-tagged cells on the bottom 

surface of polystyrene wells using fluorescence microscopy and measured extracellular 

AI-2 accumulation using the V. harveyi bioluminescence assay (111). As chemotaxis to 

AI-2 requires the periplasmic LsrB binding protein and the Tsr chemoreceptor, I 

compared the behavior of WT with that of isogenic strains lacking these key 

components.  

I first ensured that knocking out lsrB, tsr, and luxS did not affect growth rate or 

overall chemotaxis and motility of the strains. As seen in Figure 8A, the growth rate of 

all the strains is similar. In ABTCAA medium, all four strains also grow similarly with 

shaking for aeration, but they saturate at OD600nm = 0.5 (data not shown). The cells of all 

four strains appeared vigorously motile when observed under the microscope, and the 

formation of chemotaxis rings in 0.3% TB agar was comparable for WT, ΔlsrB, and 

ΔluxS (Figure 8B). The Δtsr mutant cannot sense a serine gradient, and hence it lacks the 

outer chemotaxis ring formed by the other strains and forms a colony of lower diameter. 
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Even the inner aspartate ring is smaller because of the altered run-tumble frequency of 

the tsr mutant relative to the tsr+ strains.  

 

 

 

 

To observe the behavior of cells on a surface, I seeded a low density (107 cells/mL) 

of cells from a saturated ABTCAA culture into the wells of 96-well polystyrene plates, 

incubated them in a humidified chamber, and imaged cells on the bottom surface every 

2-4 h. Cells were not in aggregates at the time of seeding, as can be seen in Figure 9. 

A B 

Figure 8: Growth and motility of WT and isogenic ΔlsrB, Δtsr, and ΔluxS deletion 

mutants. A) Growth of all strains in TB medium with aeration as a function of optical density 

(OD600nm). Data from one independent replicate are shown. B) Histogram depicting the 

diameter of the swimming zone (cm). Data shown are averages of four independent replicates. 

Error bars represent the standard error of the mean of the replicates. A sample image of a 

swim plate for each strain is shown above its bar. 
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Within 2 h of incubation, self-aggregates, which appear as multiple cells close 

together on the surface and on top of each other, were seen with WT cells Self-

aggregates were small and infrequent in the ΔlsrB, Δtsr, and ΔluxS strains (Figure 10).  

Quantitative analysis of the acquired images was performed using 50 pixels as the 

threshold aggregate size. Figure 11 shows examples of threshold images containing 

aggregates larger than 50 pixels outlined in red. The images in Figure 11 correspond to 

those in Figure 10. The images show that self-aggregates are not totally absent in ΔlsrB, 

Δtsr, ΔluxS. The aggregates, are however, smaller in size. A majority of these aggregates 

are likely to be dividing cells that tend to be close together. A few of the aggregates have 

a three dimensional appearance. A histogram depicting the fraction of pixels in 

aggregates in the strains is shown in Figure 12. 

 

 

Figure 9: GFP-tagged WT, ΔlsrB, Δtsr, and ΔluxS at the time of seeding. All strains were grown 

and diluted in ABTCAA medium as described in methods. 50 µL of the culture was placed on a 

22x22 mm coverslip. Cells were imaged using the 63x objective. 
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Figure 10: Self-aggregation on the surface after 2 h at 30°C. WT and isogenic ΔlsrB, Δtsr, and 

ΔluxS mutants diluted to 107 cell/mL in ABTCAA medium were seeded into polystyrene, incubated 

at 30°C, and the bottom surface of the wells was imaged at 2 h. Images from four biological 

replicates were acquired. Images shown here (462 x 346 pixels) are from a section of a representative 

image (1388 x 1040 pixels). Scale bar = 25 µm. 

WT 

ΔluxS 

ΔlsrB 

Δtsr 
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WT ΔlsrB 

Figure 11: Threshold images showing aggregates larger than 50 pixels. Images of WT and 

isogenic ΔlsrB, Δtsr, and ΔluxS mutants were thresholded using the image analysis program. 

Aggregates larger than 50 pixels were generated and outlined in red in the threshold images. 

Images shown here correspond to the images in Figure 10.  

Δtsr ΔluxS 
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Self-aggregation continued to progress in WT over 12 h at 30°C as seen in the 

representative images in Figure 13. ΔlsrB, Δtsr and ΔluxS cells appear to be defective in 

self-aggregation and form smaller aggregates as compared to WT. The differences in 

self-aggregation are clearly evident between 4-8 h, when most of the growth and self-

aggregation occurs in contact with the surface. Large microcolonies appear by 12 h.  

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 =
𝑆𝑢𝑚 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑖𝑚𝑎𝑔𝑒
 

 

Figure 12: Histogram depicting the percentage of pixels in aggregates after 2 h 

at 30°C. The fraction of pixels in aggregates were determined using the equation 

above the chart. The values are averages of one image each from four biological 

replicates. Error bars represent the standard error of the mean of the replicates.  
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Figure 13: Self-aggregation over 12 h at 30°C. WT, ΔlsrB, Δtsr, and ΔluxS cells were 

grown and seeded into 96 well plates as described in Methods. Time (h) of imaging is 

indicated above each column and represents the duration of incubation at the specified 

temperature. One well each for four biological replicates were imaged at the specified time 

points. Images shown are representative of the specified time point. Scale bars = 50 µm. 
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The quantitative analysis of the images support visual observations. A larger 

fraction of pixels are present in aggregates for WT cells as compared to ΔlsrB, Δtsr and 

ΔluxS cells (Figure 14). Quantitative analysis of all the images between 4-12 h was done 

using a defined threshold aggregate size of 350 pixels. Comparing all the images using 

the same threshold allowed following the progression of the increase in aggregate size 

over 12 h (compare histogram for each strain as a function of time in Figure 14). By 12 h 

of incubation, cells in all strains are distributed in the Z direction as well as in the X-Y 

plane. The fluorescence microscope used captures two-dimensional images and hence, 

the detailed features of three-dimensional growth are not clear. Additionally, cell 

movement results in the appearance of blurry halos around cells. The quantitative 

analysis program cannot effectively distinguish between unclear features, halos, and 

actual self-aggregates. This results in a smaller difference in fraction of pixels in 

aggregates between WT and the mutants at 12 h. 
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A similar pattern of self-aggregation on the surface is also observed at 37°C 

(Figure 15). The aggregates are larger in size for WT and grow in the Z plane at a faster 

rate. Several small aggregates close to each other were observed ΔlsrB, Δtsr and ΔluxS 

cells. A threshold aggregate size of 450 pixels was used to quantify the fraction of pixels 

that were present in aggregates. A majority of the pixels in the threshold images for the 

WT cells belong in aggregates above the threshold size (Figure 16). Only 20% or fewer 

of the pixels are found in aggregates for ΔlsrB, Δtsr and ΔluxS at 4 h. There is rapid 

Figure 14: Histogram depicting the percentage of pixels in self-aggregates 

on the surface between 4-12 h at 30°C. Threshold aggregate sizes were set at 

350 pixels. The fraction values are averages of one image each from four 

biological replicates. Error bars represent the standard error of the mean of the 

replicates.  
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growth in the Z plane after 4 h, which probably accounts for the diminished differences 

between WT and the mutants thereafter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Self-aggregation over 12 h at 37°C. WT, ΔlsrB, Δtsr, and ΔluxS cells were 

grown and seeded into 96 well plates as described in Methods. Time (h) of imaging is 

indicated above each column and represents the duration of incubation at the specified 

temperature. One well each for four biological replicates were imaged at the specified time 

points. Images shown are representative of the specified time point. Scale bars = 50 µm. 
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Determination of AI-2 levels in the culture medium 

To determine if AI-2 is present extracellularly under the specified growth conditions, I 

assayed the bulk medium for AI-2 every 4 h from the time of seeding. I used the V. 

harveyi bioluminescence assay for AI-2 detection (111). Upon sensing AI-2 present in 

the medium, V. harveyi produces light that can be detected using a luminometer. This 

assay is strictly qualitative as a number of factors including pH and nutrient composition 

Figure 16: Histogram depicting the percentage of pixels in self-aggregates 

on the surface between 4-12 h at 37°C. Threshold aggregate sizes were set at 

450 pixels. The fraction values are averages of one image each from four 

biological replicates. Error bars represent the standard error of the mean of the 

replicates. 



 

41 

 

affect the extent of light production (112). As seen in Figure 17A, light emission in 

response to AI-2 was only detected for ΔlsrB which is defective in AI-2 uptake, and to a 

much lesser extent, for Δtsr at 12 h at 30°C. As cells grow faster at 37°C, extracellular 

AI-2 accumulation occurred sooner at this temperature. AI-2 begins to accumulate in the 

bulk medium of the ΔlsrB at 8 h, and is detected in the bulk medium of all the AI-2 

producing strains at 12 h (Figure 17B). AI-2 was not detected in the bulk medium for 

any of the strains at 4 h. These data do not definitively indicate that AI-2 is not present at 

the earlier time points as there are several factors that could affect AI-2 detection 

including variation in diffusion of molecules under shaking versus static conditions and 

AI-2 production in bulk medium versus at the surface.  
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Figure 17: AI-2 accumulation in bulk medium between 4-12 h. WT, ΔlsrB, Δtsr, and ΔluxS 

were grown to the specified time points and culture fluids were collected from wells at 30°C (A) 

or 37°C (B) as described in methods. Luminescence detected is expressed as Relative Light Units 

per second. Data shown are averages of three independent replicate wells. Error bars represent 

the standard error of the mean of the replicates. 

30°C 
A 

B 37°C 
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Chemotaxis, aggregation, and biofilm formation of AI-2 uptake and processing mutants  

In E. coli, AI-2 is imported into the cell via the LsrACDB transport apparatus. Once 

inside, it is phosphorylated by the kinase LsrK. Phospho-AI-2 then binds to the repressor 

LsrR to relieve repression of the divergently transcribed lsrACDBFG and lsrRK operons. 

Thus, AI-2 accumulation leads to expression of LsrACDB to import AI-2 and LsrFG to 

degrade P-AI-2 (Figure 4). Using microarrays to determine the early stationary phase 

transcription profile of LsrR and LsrK knockouts, Li et al found that the role of LsrR and 

LsrK extends beyond their involvement in AI-2 processing. That study demonstrated 

that LsrR and LsrK perceive the internalized AI-2 signal and affect the expression of 

downstream genes that are involved in regulating aggregation, attachment, and biofilm 

formation and architecture (7). LsrR and LsrK also affect the expression of the lsr 

operon, and hence, internalize AI-2 faster (ΔlsrR) or slower (ΔlsrR) than wild-type E. 

coli (44). It follows that these strains contain different amounts of LsrB in their 

periplasm as compared to WT. I hypothesized that different levels of LsrB in the 

periplasms of ΔlsrR and ΔlsrK mutants would affect their ability to respond to self-

generated AI-2 and in turn affect self-aggregation during early biofilm development. I 

also tested a ΔlsrC mutant as it is able to respond normally to an external AI-2 gradient 

but is slightly defective in AI-2 uptake (11, 44).  

I isolated periplasmic protein from ΔlsrC, ΔlsrR and ΔlsrK mutants and used 

immunoblotting to detect the LsrB present in these strains. Figure 18 shows the 

immunoblot with periplasmic LsrB from WT, ΔlsrC, ΔlsrR, and ΔlsrK cells. The results 
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show that at OD600nm = 0.5, the periplasm of ΔlsrC cells contains about the same of LsrB 

as WT, ΔlsrR cells contains 700% more LsrB than that of WT cells, and the ΔlsrK 

mutant contains only 20% of the LsrB present in WT cells.  

 

 

 

 

 

 

 

 

 

 

 

 

The chemotaxis response of these strains to an external AI-2 gradient is shown in 

Figure 19. The AI-2 dose-response curve of the ΔlsrC and ΔlsrR strain is similar to that 

of the WT strain. The ΔlsrK strain, on the other hand, appears to be slightly defective in 

sensing an external AI-2 gradient. AI-2 chemotaxis has previously been shown to be 

independent of AI-2 uptake into the cell, as a LsrC mutant performs normal chemotaxis 

toward AI-2 (11). An LsrABCD channel uptake mutant is, however, not as deficient in 

Figure 18: Immunoblot with LsrB in periplasmic fractions of WT, 

ΔlsrC, ΔlsrR, and ΔlsrK. Cells were growth to OD
600nm 

= 0.5 in TB medium 

at 30°C, 250 rpm. Periplasmic contents were isolated using the osmotic 

shock method as previously described. 20 µg of total periplasmic protein 

was loaded into each lane and immunoblotting was performed as described 

in Methods. The blot is representative of three independent experiments.  
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AI-2 import as an ΔlsrK mutant (113). It is likely that the combined effect of defective 

AI-2 uptake during growth and low levels of LsrB affect chemo-sensing an external AI-2 

gradient. The lsrK mutant, as well as all of the other lsr and luxS mutants, respond 

normally to 10 mM L-serine (data not shown), suggesting that changes in Tsr expression 

or function are not responsible for the decreased AI-2 chemotaxis response of ΔlsrK.  

 

 

 

Figure 19: Chemotaxis response of WT, ΔlsrC, ΔlsrR, and ΔlsrK cells to 1-1000 µM AI-2 in the 

capillary assay. Capillary assays were performed at 30°C as described in Methods. Data shown are 

averages of nine capillaries from three independent experiments. The Y axis represents the 

background-subtracted accumulation of cells in the capillary. Error bars represent the standard error 

of the mean for three biological replicates. 
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The ΔlsrR, ΔlsrK, and ΔlsrC mutants are defective in biofilm formation and aggregation 

on a surface 

Previous studies have observed defects in biofilm architecture, biomass and thickness in 

ΔlsrR and ΔlsrK mutants in flow cells (7), whereas the effect of knocking out lsrC on 

biofilm development is unknown. I used the crystal violet assay to determine if biofilms 

formed by these mutants are defective in attachment to the surface of polystyrene plates. 

As seen in Figures 20A and 20B, ΔlsrR, ΔlsrK and ΔlsrC cells attach less strongly than 

WT cells to polystyrene at 24 h at 30°C and 37°C respectively. The results with ΔlsrR 

and ΔlsrK strains support previous observations by other groups.  
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30°C A 

37°C B 

Figure 20: Quantification of attached biofilm biomass of WT, ΔlsrR, 

ΔlsrK, and ΔlsrC using the crystal violet assay. WT, ΔlsrR, ΔlsrK, and ΔlsrC 

cells were seeded in 96 well polystyrene plates as described in Methods and 

were incubated for 24 h at 30°C (A) or 37°C (B). Data shown are averages of 

five replicate wells each for six biological replicates. Error bars represent the 

standard error of the mean for the replicates.  
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To test whether the defect in forming strongly attached biofilms was influenced by 

effects seen early on in self-aggregation on a surface I tested self-aggregation of WT, 

ΔlsrC, ΔlsrR, and ΔlsrK. I used 8-chambered wells that have a glass coverslip bottom 

surface instead of polystyrene. The coverslip bottom allows acquisition of clear images 

as it is thinner than polystyrene. However, unlike in the polystyrene wells, the cells tend 

to move toward the edges of the well. This leads to crowding and more growth along the 

edges as compared to the center. The non-uniformity affects the time at which self-

aggregates appear in the center. 

I acquired images from at 12 h at 37 °C. Representative images are shown in the 

left panel of Figure 21. WT shows the presence of large self-aggregates whereas ΔlsrR, 

ΔlsrK, and ΔlsrC have cells that cluster close together but do not form large aggregates. 

The panel on the right shows aggregates larger than a threshold aggregate of 350 pixels. 

These threshold images correspond to the colored images in the left panel. Figure 22 

shows the fraction of pixels present in aggregates in the threshold images. Only ~20-

30% of the pixels are present in aggregates for ΔlsrR, ΔlsrK, and ΔlsrC strains as 

compared to ~70% for WT. These results suggest that although these strains are capable 

of sensing AI-2 normally, they are unable to trigger downstream signaling events that 

that promote self-adherence.  
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Figure 21: Self-aggregation of WT and isogenic ΔlsrR, ΔlsrK, and ΔlsrC 

mutants on the surface after 12 h at 37°C. Cells were diluted to 107 cell/mL in 

ABTCAA medium were seeded into 8 chamber wells, incubated 37°C, and the 

bottom surface of the wells was imaged at 12 h. The panel on the left shows 

representative image sections (462 x 346 pixels) of two biological replicates. Scale 

bar = 25 µm. The panel on the right shows corresponding threshold images 

acquired using a threshold pixel size for aggregates set to 350 pixels. 
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The ΔlsrR and ΔlsrK mutants are normal for curli production  

In E. coli, surface attachment is affected by the expression of adhesion factors such as 

type I fimbriae and curli fibers as well as self-recognizing surface autotransporter 

adhesins such as Ag43 (114). For example, curli fibers have been shown to enhance 

biofilm formation by facilitating interactions between cells and the surface as well as 

among cells (115-118). The curli regulatory protein CsgD has also been shown to 

repress the expression of regulatory flagellar genes, thereby promoting surface 
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Figure 22: Histogram depicting the fraction of pixels in aggregates 

of WT and isogenic ΔlsrR, ΔlsrK, and ΔlsrC mutants on the 

surface after 12 h at 37°C. The fraction values are averages of two 

images each from two biological replicates. Error bars show the 

standard error of the mean for the replicates. 
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attachment (80, 119). As the ΔlsrR and ΔlsrK deletion mutants are normal for 

chemotaxis to an external AI-2 gradient and appear to form tiny self-aggregates on the 

surface, I tested the possibility that the defects observed in self-aggregation are due to 

defects in regulation and expression of adhesive factors such as curli fibers. To test this 

hypothesis, I assayed the production of curli fibers using the congo red colony assay. In 

this assay, strains are streaked on a plate containing congo red. If they produce curli 

fibers, the colony color turns red. Colonies of all the strains began appearing reddish 24 

h after incubation at 30°C or 37°C. Figures 23 A and B shows representative images for 

WT, ΔlsrR and ΔlsrK strains 72 h after incubation at 30°C and 37°C respectively. These 

data suggest that there are no differences in curli production among the strains and that 

differences in the number of curli fibers present are probably not a factor in the 

differences in self-aggregation and attachment seen with the strains under study. 
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B 

A 

Figure 23: Curli production of WT, ΔlsrR, and ΔlsrK in the congo red assay. 

Strains were cultured on YESCA congo red plates as described in Methods and 

incubated at either 30°C (A) or 37°C (B). Images shown are representative of three 

independent replicates.  
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II. 5 Discussion 

In this study, I demonstrated that WT forms cellular aggregates on an abiotic surface in a 

similar manner at 30°C and 37°C. Self-aggregation appears to require AI-2 chemotaxis, 

as ΔlsrB and Δtsr cells aggregate at a slower rate on the surface and fewer cells are 

found in aggregates in these strains (Figures 10-16). My results support the observations 

by Park et al that showed, under restrictive conditions, cells depend on Tsr-dependent 

chemotaxis to aggregate (120) and that the aggregation might be mediated by attraction 

to self-released molecules.  

AI-2 is a self-attractant, as recently shown by Laganenka et al (121), and sensing it 

requires both LsrB and Tsr (11). It is, therefore, likely that the deficiency in aggregation 

of the Δtsr and ΔlsrB mutants is a result of the inability of cells to sense AI-2 and 

promote attraction to one another. The ΔluxS mutant, which does not synthesize AI-2, is 

also defective in cellular aggregation. It can respond to external gradients of both L-

serine and AI-2 (this study, chapter III) and presumably other Tsr-dependent attractants. 

However, as the luxS strain presumably produces any other self-generated attractants 

besides AI-2, this result demonstrates that none of these molecules is sufficient to induce 

self-aggregation. The ΔluxS strain also has other metabolic defects in addition to the 

absence of AI-2, and these could potentially contribute to defective biofilm development 

(45, 122). It is possible that the ΔlsrB and Δtsr mutations may also have pleiotropic 

effects that were not investigated in this study.  
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AI-2 was not detected in the bulk medium in the wells prior to 12 h at 30°C and 8 h 

at 37°C with either WT or the deletion mutants (Figure 17A and B). However, as the 

cells aggregate and attach to the surface, they begin producing EPS, which may slow 

down the diffusion of molecules away from the cells, so non-homogenous distribution of 

AI-2 could also affect the detection of AI-2. While examining the aggregation kinetics of 

E. coli W3110, Laganenka et al found that a Plsr-egfp-expressing vector that produces 

GFP in response to the presence of AI-2 is more active in aggregates as compared to 

planktonic cells (121), so it remains possible that some AI-2 is localized in the 

aggregates prior to the time points it was detected at in the bulk medium. 

Several studies have suggested that aggregation leads to the establishment of 

locally high cell densities that exceed the threshold necessary for initiating QS-

dependent biofilm formation (86, 120, 123). My results support this view as strains that 

were defective in AI-2 chemotaxis and aggregation during early stages of biofilm 

development also had lower surface-attached biofilm biomass (Figure 7A and B).  

 Chemotaxis to external AI-2 by the ΔlsrR mutant, which this and a previous 

study (45) have shown to be deficient in self-aggregation and biofilm formation, was 

identical to that of WT cells, although this strain produces 700% more LsrB than WT 

(Figures 18 and 19). The ΔlsrR mutant does not form large aggregates like WT on a 

surface nor attach strongly to the surface (Figures 20-22). Li et al found that the 

expression of csgE, a curli production assembly/transport protein, was ~3-fold lower in a 

ΔlsrR strain relative to WT (7). However, I did not observe any deficiency in curli 
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production in the lsrR strain after 72 h (Figure 23). Li et al studied expression using 

early stationary phase cultures of E. coli W3110 grown in LB. Both the strains used and 

difference between suspended cells and cells growing on an agar surface could have 

contributed to the different outcomes. The reasons for the decreased aggregation of the 

lsrK mutant, which produces only 20% as much LsrB as WT cells, and the lsrR 

mutant remain unknown. However, one might speculate that a finely tuned balance must 

exist between AI-2 production and LsrB production for optimal self-aggregation. In this 

view - assuming that AI-2 production remains unaffected by the lsrK and lsrR 

mutations, the lsrK strain may produce too little LsrB and the lsrR strain may produce 

too much.  

The ΔlsrC mutant contains about the same amount of LsrB in its periplasm as WT. 

This result was somewhat surprising as LsrC is part of the AI-2 uptake channel; if AI-2 

is not internalized normally, the lsrB containing lsr operon should remain repressed. 

However, it has been previously observed that the initial internalization of AI-2 occurs 

via the phosphoenolpyruvate system (113). Nonetheless, despite containing WT levels of 

LsrB and responding to an external gradient of AI-2 normally, the ΔlsrC strain is 

deficient in self-aggregation and surface attachment. This result suggests that chemotaxis 

to AI-2 alone is not be enough to trigger biofilm development.  

Data obtained from experiments comparing the behavior of WT cells with the 

behavior of ΔlsrB, Δtsr and ΔluxS mutants suggests that AI-2 chemotaxis enhances self-

aggregation and biomass attachment to a surface. Data obtained from experiments 
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comparing the behavior of WT cells with ΔlsrR, ΔlsrK and ΔlsrC cells show that AI-2 

chemotaxis is sufficient to bring cells close to an external AI-2 source. However, our 

results suggest that AI-2 chemotaxis per se is insufficient to promote self-aggregation 

and surface attachment. This could be because of more stringent requirements for 

chemotaxis-mediated self-attraction of planktonic cells or because the mutants have 

defects in downstream pathways that are required for aggregations and stable surface 

attachment. In conclusion, this work implies that a fully functional AI-2 QS system is 

required to coordinate responses from chemotaxis with downstream signaling events that 

lead to collective behavior. The complexity of this system suggests that there are 

multiple steps in the process that may be targets for therapeutic intervention. 
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CHAPTER III  

ANALYSIS OF FACTORS INFLUENCING CHEMOTAXIS TOWARD AN 

EXOGENOUS AI-2 GRADIENT 

III.1 Overview 

E. coli senses the bacterial interspecies quorum-sensing signal AI-2 as a chemoattractant. 

The response to AI-2 requires interaction between the periplasmic binding protein LsrB 

and the L-serine chemoreceptor Tsr. In this study, AI-2 chemotaxis was assayed as a 

function of the amount of LsrB during culture growth to understand the dependence of 

AI-2 chemotaxis on binding protein levels. Mid-exponential phase cells growing in 

tryptone broth sense an external AI-2 gradient optimally when the cellular LsrB level is 

~250 molecules. However, cells at this growth stage containing as few as 50-70 copies 

of LsrB still perform essentially normal AI-2 chemotaxis. In comparison, there are 

3,000-5,000 copies of Tsr monomer per cell at OD600nm = 0.5. Thus, a low ratio of 

LsrB:Tsr is sufficient to elicit a strong chemotaxis response. Cells are less responsive to 

external AI-2 at later growth stages (OD600nm = 0.7 and 0.9), although their responses to 

L-serine remain nearly unchanged. Because luxS cells that do not produce AI-2 also 

show a decreased response to AI-2 at later stages of growth, jamming of the system by 

self-produced AI-2 cannot be the full explanation for this phenomenon. Also, cells are 

minimally responsive to AI-2 when they have the highest levels of periplasmic LsrB. 

Thus, the reason(s) for the decreased response at later stages of growth is unknown, 
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although changes in chemoreceptor ratios and other metabolic changes may be 

contributing factors. 

III.2 Introduction  

The chemotaxis machinery in E. coli allows cells to sense gradients of various attractant 

and repellent chemicals (nutrients and toxins), pH, temperature, and oxygen in their 

environment (51) and to move in a favorable direction within these gradients. This 

sensory information presumably guides cells to specific niches within their environment. 

Research on bacterial chemotaxis grew rapidly in the late 1960s and the 1970s. After the 

initial classification of chemoattractants and chemorepellents by Julius Adler and others 

(124-128), most of the work focused on understanding how the chemotaxis two-

component signal transduction system perceived, integrated, and relayed information 

about those gradients (51, 64, 129-131). In recent years, identification of niche-specific 

chemoeffectors has increased rapidly. One of the goals of research on this topic is to 

understand how these chemoeffectors regulate behavior and colonization of organisms in 

their preferred environment (9, 11, 27-29, 54, 56). In this study, I focused on 

understanding the mechanism underlying chemotaxis toward a specific bacterial signal 

called AI-2. AI-2 is likely to be present in numerous environments, including soil, food 

and water sources, and several sites within the human body as it is produced by a 

multitude of Gram-positive and Gram-negative bacteria (132, 133).  

In E. coli, chemotaxis toward an external AI-2 gradient occurs once AI-2-bound 

LsrB interacts with the chemoreceptor Tsr (11). This is the first example of Tsr sensing a 
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ligand indirectly. Several other molecules are sensed indirectly via a substrate-binding 

protein interacting with a chemoreceptor, including maltose by Tar, ribose and 

glucose/galactose by Trg, and dipeptides by Tap (57, 59, 60, 134). The interaction 

between ligand-bound maltose-binding protein (MBP) and the chemoreceptor Tar has 

been studied extensively (57, 135-137) and provides the basis for investigating the 

interaction between AI-2-bound LsrB and Tsr. Optimal chemotaxis toward maltose 

requires the presence of a large amount of MBP in the periplasm (up to 50,000 copies 

per cell), and Tar and the maltose transport system compete for binding of MBP. MBP 

binds maltose with high affinity which sequesters it in the periplasm, but the maltose-

MBP complex binds Tar (~4000 copies/cell; (138)) with low affinity (estimated KD of 

~200 M), which allows cells to migrate to high concentrations of maltose (57).  

Chemotaxis toward AI-2 has also been shown to be independent of the LsrACD 

uptake system (11). However, AI-2 is not an effective carbon source (2, 20, 22) and 

presumably there is no benefit acquired from sequestering it. Furthermore, AI-2 has been 

proposed to have a relatively low binding affinity for LsrB (~160 µM) (139), although 

this measurement in highly uncertain because of the equilibrium that exists between 

three different forms of AI-2, only one of which is sensed by LsrB (20). Therefore, I 

hypothesized that the dependence of AI-2 chemotaxis on the periplasmic level of LsrB is 

likely to be different than the dependence of chemotaxis to maltose on the level of MBP. 

The current study was undertaken to determine this dependence and to understand its 
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significance. I believe this information will allow us to better understand the 

physiological importance of chemotaxis toward AI-2 in E. coli. 

III.3 Materials and Methods 

Bacterial strains, chemicals, and growth media  

The strains and plasmids used in this study are listed in Table 3. All strains were derived 

from wild-type E. coli RP437 (referred to as WT from here on) (91). Cells were grown 

in tryptone broth medium (TB; 10 g/L tryptone, and 8 g/L NaCl) at 30°C, 250 rpm for 

capillary assays and osmotic shock protein extraction. Luria-Bertani medium (140) was 

used for P1vir transduction. The medium was supplemented with antibiotics as necessary. 

Chemically synthesized DPD (linear form of AI-2, spontaneously converts to cyclized 

form) purchased from Dr. Rita Ventura at ITQB, Oeiras, Portugal (141) was used in 

capillary assays. L-serine was purchased from VWR (USA).  

Construction of isogenic deletion mutants  

Deletion mutants were constructed using P1vir transduction as previously described with 

some modifications (94). Briefly, BW25113 single-gene knockout mutants carrying the 

KmR cassette (93) were infected with P1vir that had been previously propagated in WT to 

maintain an isogenic background. Liquid lysates were collected and used to infect WT. 

WT KmR insertion mutants were selected for on LB agar plates containing 50 µg/mL 

kanamycin, 50 µg/mL streptomycin and 10 mM sodium citrate (pH 5.5). Each mutant 

was then verified using colony PCR with two sets of primers: forward (F) and reverse 
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(R) gene primers, and forward (F) gene primer and K1 reverse primer. PCR verification 

primers used are listed in Table 4. The strains were transformed with the FLP 

recombinase carrying plasmid pCP20 to eliminate KmR cassette resulting in clean 

deletion mutants (95, 96). 

 

Table 3: Strains and plasmids used in this study. 

Strain name in text Relevant genotype or phenotypea Reference 

WT E. coli RP437 StmR (91) 

ΔluxS E. coli RP437ΔluxS KmS StmR This study 

Vibrio harveyi TL-26 ΔluxN ΔluxS ΔcqsS (104) 

Plasmids   

pET15b-lsrB Expression vector, AmpR  This study 

a Stm – streptomycin, Km – kanamycin, Amp – ampicillin 

 

 

Table 4: Primers used for PCR verification of KmR insertion mutants. 

Primer Name Sequence (5’- 3’) Source 

K1 CAGTCATAGCCGAATAGCCT (95) 

luxS_F GGAAAAACACGCCTGACAGAAAAG This studya 

luxS_R GGGCTGGTGTGGTTTGCTAA This studyb 

a F = forward or upstream primer 
b R stands for reverse or downstream primer  
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Purification of E. coli LsrB for antibody production 

E. coli LsrB expressed from pET15b-lsrB (kindly provided by Frederick Hughson, 

Princeton University) in strain BL21(DE3) was purified using affinity chromatography 

followed by size exclusion chromatography. Purified LsrB without the histidine tag 

(His) was used to generate anti-LsrB antibody in goat. Briefly, the strain was grown to 

OD600nm = 0.5 in LB medium with 100 µg/mL ampicillin at 37°C, 250 rpm. Cells were 

induced with 3 mM IPTG (VWR, USA) and grown overnight to overexpress lsrB. The 

cells were harvested and frozen at -80°C. Frozen cells were thawed at room temperature 

and resuspended in 50 mL equilibration buffer (50 mM Tris base, 0.3 M NaCl, pH 8.0). 

Cells were lysed by sonication, centrifuged, and the clear supernatant was run through a 

column containing equilibrated Ni-NTA resin (Qiagen, USA; bed volume = 5 mL). The 

column was washed twice with equilibration buffer to eliminate non-specific proteins. A 

0-500 mM imidazole gradient was used to collect 2mL fractions. Fractions containing 

LsrB-His were pooled and introduced into a HiLoad Superdex 75 PG column (GE 

Healthcare Life Sciences, USA). The His tag was cleaved using Thrombin CleanCleave 

(Sigma, USA). The purified protein was sent to Bethyl Laboratories, Inc. (Texas, USA) 

for polyclonal antibody production in goat. The polyclonal antibody obtained was 

purified using protein A beads (NEB, USA) and used for detecting LsrB. 
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Osmotic shock for periplasmic protein extraction  

Periplasmic fractions were extracted from cells using the osmotic shock protocol 

developed by Neu and Heppel (142). Briefly, cells were grown to OD600nm = 0.5 at 30°C 

in 500 mL TB and harvested by centrifugation at 10,000 x g for 15 minutes at 4°C. The 

pellet was resuspended in 100 mL of osmotic shock buffer (30 mM pH 8.0 Tris-HCl, 

20% sucrose and 1 mM pH 8.0 EDTA) and incubated on gyrotory shaker at 180 rpm for 

10 min at room temperature. The suspension was centrifuged at 13,000 x g 15 min at 

4°C. The pellet was resuspended in 50 mL ice cold ultrapure water and incubated in an 

ice bath shaker at 180 rpm for 10 min to release the periplasmic contents. The 

suspension was centrifuged again and the supernatant was carefully collected and 

concentrated to 1mL using a 10,000 MWCO centrifugal filter (Millipore, USA). Total 

protein concentration was determined using the BCA assay (Thermo Scientific, USA).  

Immunoblotting for detection of LsrB 

Immunoblotting using antibody generated against LsrB was performed with the 

periplasmic isolates to detect and quantify LsrB. SDS-PAGE was performed as 

previously described (143) followed by wet transfer (Mini-Trans Blot Electrophoretic 

Transfer Cell, BioRad, USA) for 1 h at 100 V onto low fluorescence PVDF membrane 

(Thermo Scientific, USA). The membrane was first blocked with blocking buffer (3% 

non-fat dry milk, TBST (10 mM pH 7.5 Tris-HCl, 100 mM NaCl, 0.1% Tween 20)), 

followed by incubation with primary antibody (anti-LsrB antibody, 1:2500 in blocking 
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buffer), and then secondary antibody (anti-goat HRP, 1:50,000 in blocking buffer). 

Incubations were performed at room temperature with continuous agitation. The 

membranes were washed thoroughly with TBST (3x, 5 min each) after incubation with 

primary and secondary antibodies. A StainFree blot image was captured using the 

ChemiDoc Touch Imaging System (BioRad, USA). This image was used for total 

protein normalization in each lane. The blot was developed using Clarity ECL substrate 

(BioRad, USA) and a chemiluminescent image was acquired. Total protein 

normalization and estimation of relative LsrB levels were performed using ImageLab 

software (BioRad, USA).  

Determination of chemotaxis response using capillary assays  

Capillary assays were carried out as previously described (102) with the following 

modifications for preparing cells before introducing them into chemotaxis chambers. 

Cells were centrifuged at 600 x g for 10 min, followed by gentle resuspension in a 

volume of chemotaxis buffer (CB, 1X phosphate-buffered saline, 100 µM EDTA, 1 µM 

L-methionine, and 10 mM lactic acid, pH 7.4) such that the final OD600nm = ~0.5. The 

tubes were then placed on a low-speed tube roller at 30°C for 15 min before being 

introduced into the chemotaxis chambers. Number of cells accumulated in the capillary 

was determined by subtracting the accumulation of cells in capillaries containing only 

CB from the accumulation of cells in capillaries containing the attractant. 
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Vibrio harveyi bioluminescence assay 

V. harveyi strain TL-26 was used to detect AI-2 activity in cell-free culture fluids as 

previously described (101). For obtaining cell-free culture fluids, an overnight culture of 

WT was back diluted to OD600nm = 0.05 in TB, placed in plastic culture tubes (1 mL per 

tube, 1 tube per time point), and incubated at 30°C, 250rpm. At the desired time point, a 

fraction of the culture was used to measure cell density, and the remaining culture was 

centrifuged at 16,100 xg for 10 min at 4°C. The cell-free culture fluid was collected and 

used in the bioluminescence assay. 10% cell-free supernatant was added to 90% TL-26 

culture (overnight culture diluted 1:5000 in AB medium) in an opaque white 96-well 

plate (Greiner Bio-One, USA) and incubated at 30°C for 4 h. The luminescence (490 

nm) from each well was read using the Mithras LB940 Multimode Microplate reader 

(Berthold, USA). Luminescence output from the reader is expressed as Relative Light 

Units (RLU) per second. Luminescence output of the control wells, i.e., TB medium 

only, is negligible at this time point. The luminescence of the samples is represented as 

fold induction in bioluminescence which is obtained by background normalizing the 

sample RLU.  
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III.4 Results  

AI-2 regulates various density-dependent behaviors, including biofilm formation, in 

several Gram-positive and Gram-negative bacteria that produce it (reviewed in (26)). AI-

2 produced by one species can also regulate the behavior of another species. For 

example, Xavier and Bassler (39) found that V. harveyi responds to AI-2 produced by E. 

coli by inducing bioluminescence, and AI-2 made by V. harveyi induces the AI-2 

regulated lsrACDBFG operon in E. coli. Some bacterial species, such as H. pylori and E. 

coli are also able to detect AI-2 in their environment using the two-component 

chemotaxis system. H. pylori senses AI-2 as a repellant, whereas E. coli senses it as an 

attractant (11, 28). Chemotaxis to endogenous AI-2 facilitates biofilm formation (this 

study, (121)). As E. coli can sense AI-2 produced by a different species, it is possible 

that exogenous AI-2 can guide E. coli to non-self sources of AI-2, thereby promoting the 

formation of mixed species communities. In this section, I determine the parameters 

involved in sensing an exogenous AI-2 gradient.   
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Dose-dependent response to an exogenous AI-2 gradient 

In vitro chemotaxis assays such as the capillary assay are designed to study chemotaxis 

toward one molecule to determine the concentration range in which the molecule is 

detected. They typically separate motile cells from the medium that they are grown in 

before using them in the assay to prevent interference from other molecules that may be 

present in the medium. As AI-2 is produced by bacteria, it is possible that some of it 

might be present in the cytoplasm and periplasm, and consequently be secreted into the 

buffer in which the cells are maintained in during the assay. Therefore, I tested whether 

self-produced AI-2 interferes with chemotaxis toward an external gradient by comparing 

the chemotaxis response of AI-2-producing WT cells with a ΔluxS mutant that cannot 

make AI-2. Mid-exponential phase are very motile and cells from this phase are usually 

used in chemotaxis studies. The chemotaxis response of mid-exponential phase WT and 

ΔluxS cells follows a similar dose-response curve, as seen in Figure 24. Both strains are 

able to sense AI-2 over a wide concentration range (1-1000 µM). The response 

approaches saturation beyond 100 µM. Figure 25 shows that WT cells are accumulating 

endogenously produced AI-2 extracellularly at this growth stage (OD600nm = 0.5, T = 3 h) 

and it follows that some of it is present intracellularly. Culture fluids from ΔluxS cells do 

not induce bioluminescence of V. harveyi at any stage of growth as they do not 

synthesize AI-2 (data not shown).  
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AI-2 continues to be released extracellularly beyond mid-exponential phase as 

seen in Figure 25. It peaks in late-exponential phase (OD600nm = 0.7, T = 4 h) and is 

rapidly internalized during early stationary phase (OD600nm = 0.9, T = 5 h). Presumably, 

there is more AI-2 present in the cells at later stages of growth and hence, I tested the 

chemotaxis response of both WT and ΔluxS cells at OD600nm = 0.7 and OD600nm = 0.9.  

 

 

Figure 24: Chemotaxis response of mid-exponential phase WT and ΔluxS strains to 

1-1000 µM AI-2. Capillary assays were performed at 30°C with cells in mid-exponential 

phase (OD600nm = 0.5). Results shown are averages of six capillaries from two 

independent experiments. The Y axis represents background subtracted accumulation of 

cells in the capillary. Error bars represent standard error of mean for two biological 

replicates.  
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As seen in Figure 26, the chemotaxis responses of OD600nm = 0.7 and OD600nm = 0.9 

cells are drastically lower than those of OD600nm = 0.5 cells. Interestingly, the response of 

both WT and ΔluxS cells decreases to the same extent. These data suggest that, under the 

conditions tested, self-produced AI-2 does not interfere with sensing and responding to 

an external AI-2 gradient. Rather, other factors must specifically inhibit AI-2 chemotaxis 

during later growth phases.  

Figure 25: Growth-dependent AI-2 accumulation in WT culture fluids at 30°C. 
WT cell were cultured under shaking conditions in TB medium. Cell density was 

recorded every hour (black diamonds), and cell-free supernatant was collected for 

testing AI-2 levels in culture fluids as described in Methods. The presence of AI-2 

leads to induction of luminescence in the reporter strain TL26 which is represented as 

background normalized fold induction on the left Y-axis (clear bars). Data shown are 

from one independent replicate.  
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The ratio of Tar:Tsr present in the receptor patch changes as a function of growth 

(144). Tsr senses L-serine directly and therefore, I tested the response of WT and ΔluxS 

cells at the different growth stages to L-serine to determine whether functional Tsr 

availability was a reason for the decrease in AI-2 chemotaxis at later growth stages. As 

seen in Figure 27, the response of both strains to L-serine is similar and mostly 

unchanged at both strains at OD600nm = 0.5, OD600nm = 0.7 and OD600nm = 0.9. 

Figure 26: Growth stage-dependent chemotaxis response of WT and ΔluxS strains to AI-2. 
Capillary assays were performed at 30°C with 1-1000 µM AI-2. Results shown are averages of six 

capillaries from two independent experiments. The Y axis represents background subtracted 

accumulation of cells in the capillary. Error bars represent standard error of mean for two biological 

replicates.  
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In E. coli, the lsr operon produces the components required for internalizing and 

degrading AI-2. This operon is induced as the cells grow from mid-exponential to 

stationary phase (44). The decrease in the response of WT cells seen at later growth 

stages could be related to an increase in the amount of the LsrB protein, which interacts 

with Tsr after binding AI-2. To test this hypothesis, I isolated periplasmic fractions at 

mid-exponential (OD600nm = 0.5), late-exponential (OD600nm = 0.7), and early-stationary 

phase (OD600nm = 0.9) for both strains and performed immunoblotting for LsrB detection.  

Figure 27: Growth stage-dependent chemotaxis response of WT and ΔluxS strains to L-serine. 
Capillary assays were performed at 30°C with 1-1000 µM L-serine. Results shown are averages of 

six capillaries from two independent experiments. The Y axis represents background subtracted 

accumulation of cells in the capillary. Error bars represent standard error of mean for two biological 

replicates.  
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The immunoblot with LsrB from WT and ΔluxS strains grown to the specified 

optical densities is shown in Figure 28. The LsrB bands seen in the ΔluxS mutant are a 

result of the background of uninduced expression of the lsr operon. The amount of LsrB 

present in luxS cells is similar at OD600nm = 0.5 and OD600nm = 0.9; a modest increase is 

seen at OD600nm = 0.7. It is possible that nutrient depletion in the medium and subsequent 

metabolic shifts affect the expression of the lsr operon in this strain, thereby changing in 

the amount of periplasmic LsrB present. In WT cells, LsrB levels are quite similar at 

OD600nm = 0.5 and OD600nm = 0.7, although there is a two-fold decrease at OD600nm = 0.7 

as compared to OD600nm = 0.5 (Table 5). There is a drastic increase in LsrB at OD600nm = 

0.9, which presumably facilitates the rapid removal of AI-2 from the medium. Visual 

observations match the normalized volume intensities obtained. Using the normalized 

values, I determined the amount LsrB present in the strains relative to WT OD600nm = 0.5 

(Table 5). 
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Table 5: Amount of LsrB relative to WT cells at OD600nm = 0.5. 

Strain OD600 Relative amount of LsrB 

WT 0.5 1 

WT 0.7 0.5 

WT 0.9 5.3 

ΔluxS 0.5 0.2 

ΔluxS 0.7 0.4 

ΔluxS 0.9 0.2 

* The relative amount of LsrB (ng) reflects the amount present in 20µg of total periplasmic protein. These 

data were acquired by normalizing the volume intensities obtained for the bands in Figure 28 with the 

volume intensity of WT cells at OD600nm = 0.5. Data are from one independent experiment.  

 

 

 

Figure 28: Immunoblot with LsrB in periplasmic fractions of WT and ΔluxS strains at different 

growth phases. Cells were grown to the specified densities and periplasmic protein was extracted as 

described in Methods. Cells at OD
600nm 

= 0.5 are in mid-exponential phase, cells at OD
600nm 

=0.7 are in 

late-exponential phase, and cells at OD
600nm 

= 0.9 are in early stationary phase. Each lane contains 20 

µg of total periplasmic protein. Data shown are from one independent replicate.  
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Comparing the relative levels of LsrB with AI-2 chemotaxis responses of WT 

and ΔluxS cells at all stages of growth, and especially at OD600nm = 0.9, I find that ΔluxS 

cells respond in the same manner as WT cells to AI-2 even though they have only 20% 

as much LsrB in their periplasm. Based on these results, it does not appear that the 

decrease in AI-2 chemotaxis response seen in WT and ΔluxS cells at later growth stages 

depends on the amount of LsrB present in the periplasm. Other factors must affect the 

chemotaxis response to AI-2 at later growth stages. Whatever the true explanation is for 

the reduced chemotaxis to AI-2 after mid-exponential phase, its seems that the LsrB:Tsr 

ratio present in cells at that growth phase is optimal for sensing an external AI-2 

gradient, and that higher LsrB:Tsr ratios or lower Tsr:Tar ratios negatively affect the 

response to AI-2.  

Quantification of periplasmic LsrB in mid-exponential phase cells  

There are an estimated ~3000-5000 copies of Tsr monomer per cell at mid-exponential 

phase (138, 145). To determine the ratio of LsrB to Tsr at OD600nm = 0.5, I quantified the 

amount of LsrB present in the periplasm in WT and ΔluxS. Immunoblotting was 

performed with a range of concentrations of purified LsrB to compare with periplasmic 

fractions from five WT isolates (Figure 29A). A linear standard concentration curve was 

generated for the purified LsrB using the volume intensity obtained from the blot (Figure 

29B). I then calculated the total number of molecules of LsrB per cell. The calculations 

(Figure 29C) show that the periplasm contains 240-360 copies of LsrB during mid-

exponential phase. I used this information to extrapolate the amount of LsrB present in 
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the ΔluxS mutant. As it contains ~20% as much LsrB in its periplasm compared to WT, 

ΔluxS cells are capable of responding to an external AI-2 gradient with as few as 50-70 

copies of LsrB per cell. This result indicates that an LsrB:Tsr ratio as low as 1:100 is 

sufficient to elicit a chemotaxis response to an external AI-2 gradient.  
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Amount of LsrB in WT  

Amount of LsrB/cell = Total periplasmic protein per cell x amount of LsrB in each lane = 2.2*10
-17

g/cell  

Molecular mass of LsrB = 3.7*10
4
 g/mol  

Moles of LsrB per cell = 2.2*10
-17

g/cell x 1 mol/3.7*10
4
 g = 6*10

-22
 moles/cell 

Molecules of LsrB per cell = 6*10
-22

 * 6*10
23

 = 360 

  
Figure 29: Quantification of periplasmic LsrB in WT. A) Immunoblot with purified LsrB (From L to R: 

2.5ng, 5ng, 10ng, 20ng) and periplasmic fractions from five WT isolates (10 µg per well). B) Standard curve 

obtained by plotting the normalized volume intensity obtained versus the amount of LsrB. C) Calculations for 

determining the amount of LsrB per cell. The example shown is for replicate # 1, which gives the highest 

amount of LsrB.  The range for all five replicates is 240-360 molecules per cell. 
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III.5 Discussion 

In this study, I demonstrated that mid-exponential phase WT cells respond to an external 

AI-2 gradient in the capillary assay in a concentration-dependent manner, with the 

response approaching saturation after 100 µM AI-2 in the capillary (Figure 24). 

Saturation was not observed even at the highest concentration of AI-2 (3.3 mM) tested in 

the first published report on AI-2 chemotaxis (11). This difference might reflect the 

source of AI-2 used. The results reported here are supported by a recently published 

study that used the same AI-2 source to test the chemotaxis response of E. coli W3110 

cells to an AI-2 gradient in a microfluidic device (44). That study reported saturation at 

200µM AI-2 (121).  

The AI-2 chemotaxis response of WT cells is not affected by endogenous AI-2, as a 

ΔluxS strain that does not make AI-2 responds equally well to an external AI-2 gradient 

(Figure 24), even though it possesses only 20% as much LsrB per cell as the WT strain 

at OD600nm = 0.5 (Figure 28, Table 5). A notable phenomenon is that the chemotaxis 

response to AI-2 peaks in these cells, which are in mid-exponential phase, and then 

declines dramatically at OD600nm = 0.7 and even more so at OD600nm = 0.9 (Figure 26), 

whereas L-serine chemotaxis is essentially the same at all of these growth phases (Figure 

27). This effect is seen with both WT and ΔluxS cells, although they have very different 

levels of periplasmic LsrB; as much as 50 fold more in WT cells at OD600nm = 0.9 

(Figure 28, Table 5). Thus, there is no obvious correlation between either the ability to 

self-produce AI-2 or the periplasmic level of LsrB to explain the decrease at later growth 
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stages. Kalinin et al have shown that the Tar:Tsr ratio increases steadily after OD600nm = 

0.5 (144). It is, therefore, possible that the decrease at later growth stages is due to the 

decreasing relative amount of Tsr in the receptor patch, a possibility that I am now 

testing. However, it is equally likely that some other, more complex metabolic response 

is responsible. Whatever the explanation may be, it appears that cells are maximally 

attracted to AI-2 during exponential growth and before they would be expected to 

undergo any density-dependent metabolic adjustments. 

AI-2 chemotaxis requires both LsrB and Tsr (11). The amount of Tsr present in 

mid-exponential phase cells has been previously characterized as 3,000-5,000 copies per 

cell. I quantified the amount of LsrB in WT and ΔluxS cells in order to determine the 

relative amounts of LsrB and Tsr that are required for optimal AI-2 chemotaxis. The 

periplasm of WT cells contain about 240-360 copies of LsrB per cell (Figure 29), and 

ΔluxS cells contain about 20% of that amount. Thus, an impressively low ratio of 

LsrB:Tsr, ~1:100, is sufficient to sense exogenous AI-2 with a dose-response 

relationship like that of the WT cells (Figure 24). In comparison, sensing and responding 

to a maltose gradient optimally requires an excess of binding protein compared to the 

chemoreceptor. Optimal maltose sensing requires about 50,000 molecules of maltose 

binding protein (MBP) per cell and 3,000 molecules of the chemoreceptor Tar per cell 

(57). Maltose has a high binding affinity for MBP and maltose bound MBP has a low 

affinity for Tar. As maltose is a nutrient it makes sense that the cells contain an excess of 

MBP as it allows sequestering maltose in the periplasm. The low binding affinity of 
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MBP:maltose and Tar facilitates swimming toward high concentrations of maltose. AI-2, 

on the other hand, is not a nutrient, it is a signal. There is obvious benefit to sequestering 

AI-2 in the periplasm and hence, it makes sense that cells need a very low amount of 

LsrB to sense AI-2. The low ratio of LsrB:Tsr seems to be sufficient to significantly 

amplify the signal from indirect binding of AI-2 to Tsr. These data support our 

hypothesis that LsrB and Tsr interact with very high affinity. In vitro binding studies 

with purified components will be required to determine the actual binding affinity.  

I conclude that E. coli does not depend on induction of the AI-2-dependent QS 

system to sense and swim toward higher concentrations of AI-2, meaning that cells at 

low density still respond to pre-existing gradients of AI-2, such as those produced by 

biofilms or other dense cell aggregations. Only after joining these bacterial communities, 

which can be composed of any of the many bacteria that produce AI-2, would the 

induction of AI-2-dependent metabolic, structural, and behavioral changes occur. Thus, 

AI-2 could constitute a homing signal for isolated planktonic E. coli cells. 
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CHAPTER IV  

FUTURE DIRECTIONS  

V.1 Investigation of the Role of Chemotaxis to AI-2 in the Formation of Biofilms by 

Adherent Invasive E .coli 

This study shows that chemotaxis to endogenous AI-2 promotes surface attachment in 

the non-pathogenic K-12 derivative strain E. coli RP437. It would be interesting to 

determine whether AI-2 chemotaxis also promotes attachment of E. coli pathobionts 

such as adherent invasive E .coli (AIEC). AIEC attachment and subsequent proliferation 

in the intestines of patients suffering from inflammatory conditions such as Crohn’s 

disease has been shown to contribute to the pathogenesis of the disease (reviewed in 

(146). Investigating this relationship could allow identification of new targets for 

combating AIEC progression in the gut. The in vitro setup described in Chapter II of this 

study could be used to perform a proof-of-concept experiment. If AIEC and its isogenic 

Tsr and LsrB mutants show the same results as E. coli RP437, their attachment to a 

biotic surface, such as the in vitro epithelial cell line HT-29, could be studied.  
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V.2 Investigation of the Role of Chemotaxis to Non-self AI-2 in the Formation of 

Multi-species Communities 

This study shows that chemotaxis to endogenous AI-2 promotes biofilm formation. In 

nature, multi-species biofilms are far more common than mono-species biofilms. As AI-

2 is an interspecies signal, it would be interesting to determine whether AI-2 produced 

by one species can attract cells of another species, thereby leading to the establishment 

of communities composed of more than one bacterial species. A simple in vitro model 

could be used to test co-aggregation of different species. A GFP-tagged strain that 

produces AI-2 or does not produce AI-2 (lacks luxS) would be introduced into a 96 well 

plate or microfluidic flow device. The strains would be allowed to form biofilms and the 

time point at which AI-2 is detected in the extracellular medium of the AI-2 producing 

biofilm would be noted. The second strain that is RFP-tagged and does not produce AI-2 

would be introduced at this time point. Confocal microscopy or culturing methods could 

be used to determine whether the second strain co-aggregates better with the AI-2 

producing strain or the non-AI-2-producing strain. This setup could, for example, be 

used to investigate whether Campylobacter jejuni and E. coli co-aggregate in an AI-2 

chemotaxis-dependent manner. C. jejuni causes enteritis after establishing itself in the 

human GI tract. AI-2 signaling has been shown to be required for its colonization in 

chickens (disease carrier) (147). C. jejuni is deficient in colonizing and infecting healthy 

adult mice, but infant mice with an underdeveloped microbiota or adult mice that suffer 

from intestinal inflammation are highly susceptible to it. These mice also have high 
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loads of commensal E. coli (148). The chemotaxis response of C. jejuni to AI-2 is not 

known. It is possible that AI-2 is an attractant for C. jejuni, and it can sense AI-2 

released by commensal E. coli and swim toward it. Such a cue could allow C. jejuni to 

reach a niche it can successfully colonize. C. jejuni produces AI-2 but does not 

internalize it (149), and hence, it could in turn attract E. coli toward it leading to the 

proliferation of inflammation inducing communities in the gut.  
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CHAPTER V  

SUMMARY  

In this study, I found that chemotaxis toward AI-2 enhances self-aggregation on a 

surface, which in turn facilitates biofilm formation (Chapter II). Cells do not need to 

produce AI-2 to sense and swim up an AI-2 gradient, but they need to be able to produce 

AI-2 to form aggregates and surface attached biofilms. It remains to be seen whether 

ΔluxS mutants can join aggregates if they are present in a mixed population that also 

contains AI-2 producing cells. Self-aggregation depends on the AI-2 binding protein 

LsrB, the Tsr chemoreceptor, and the AI-2 uptake and processing components LsrC, 

LsrR and LsrK. A diagram presenting a model for the role of chemotaxis toward AI-2 in 

the context of self-aggregation on a surface, attachment to the surface, and biofilm 

formation is shown in Figure 30.  

Chemotaxis toward AI-2 could potentially draw one bacterial species to 

aggregations of another, leading to the formation of multi-species biofilms, which are a 

common occurrence in nature. It could also promote the movement of individual cells 

within an established biofilm toward a metabolically active site at which AI-2 is being 

released. The results from Chapter III show that recognizing an exogenous AI-2 gradient 

in independent of endogenous AI-2 production. This supports the idea that non-self AI-2 

acts as a ‘universal call’ for attracting free swimming cells. Understanding the influence 

of AI-2 chemotaxis on the onset of self-aggregation and biofilm formation could allow 
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development of therapeutics with novel targets to combat infections caused by 

pathogenic or opportunistic E. coli. 

 

 

Figure 30: Model for role of AI-2 chemotaxis in self-aggregation and biofilm formation. Top panel: 

Bacteria entering a new environment, such as the lumen of the GI tract, must establish themselves in a 

suitable location by outcompeting forces (fluid flow, enzymes, peristalsis, and the immune system) that 

are designed to flush them out. The substratum (black bar) represents a prime location for establishment 

of a thriving population of incoming cells. Flagellar rotation and other mechanical and chemical cues 

allow cells to sense the surface and attach reversibly. AI-2 (red pentagons) gradients (red halos) 

emanating from reversibly attached cells attract free-swimming cells toward (L). This behavior leads to 

the formation of clumps of cells closely connected together (aggregates) (R). Bottom panel: Aggregates 

are locally high in cell density. This high cell density exceeds the threshold necessary to induce AI-2-

dependent quorum-sensing processes such as formation of surface attached formation. These biofilms 

potentially continue to attract free swimming cells as long as they produce AI-2.  
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