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ABSTRACT 

Bacteria have evolved to have different mechanisms of motility depending on the 

environment. On surfaces bacteria can locomote by swarming, a phenotype that is cell 

density dependent and requires cell coordination. As a result of the cell coordination 

several strains form stationary patterns. In a low agar environment, cells swim 

independently through the medium. Bacteria can respond to gradients of chemoeffectors 

in the environment and will localize to the steepest part of the gradient, creating 

traveling chemotaxis rings. The formation of stationary patterns, however, is rarely 

reported for swimming bacteria. Here we uncover a number of mutant strains in 

Escherichia coli K-12 that create a stationary bull’s eye pattern in low percentage agar. 

This pattern consists of repeating regions of high and low cell density. We identified two 

mutations that can result in formation of this phenotype: one is a disruption of the 

transcription factor LrhA and the other is insertion of IS elements in the intergenic 

region between the divergently transcribed genes flhD and uspC. While mutations in 

these genes have been identified by others and shown to increase motility in TB swim 

plates at 30° C, we observed that these mutants form bull's eye patterns in swim plates 

made from LB and incubated at 37 °C. This pattern can form in a variety of lrhA 

disruptions, however, the location of the IS element in the intergenic uspC-flhD region 

correlates with the formation of either a bull’s pattern or chemotaxis rings. IS elements 

that disrupt the flhD promoter correlate with chemotaxis patterns, and those outside of 

the promoter region correspond with banding pattern formation. We identify the 
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chemoreceptors necessary for pattern formation and show that the global regulator 

(p)ppGpp is essential for pattern formation.
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NOMENCLATURE 

SMM-Na Swim motility media Sodium Chloride 

SMM-K Swim motility media Potassium Chloride 

WGS Whole-genome sequencing 

SCFA Short chain fatty acids 

GSO Genome Sequencing Origin 

AGSO Adjusted Genome Sequencing Origin 

VDB  Variant distance bias 
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CHAPTER I  

INTRODUCTION  

Motile bacteria have the advantage to move to more favorable environments and 

can colonize new niches (1). There are six different categories of motility behaviors: 

swimming, swarming, gliding, twitching, sliding, and darting (2). For many bacteria, 

motility behavior is dependent on the composition of the media on which they are grown 

(3). Bacteria exist as single cells when grown on liquid or low agar conditions, but when 

incubated on surfaces, cells often coordinate to move together (2, 4).  

 Different patterns emerge from these collective movements (Figure 1). Pattern 

formation has been characterized in swarming bacteria (1, 5, 6). For swimming bacteria, 

movement is not dependent on cell coordination, as a consequence few patterning 

conditions for swimming bacteria have been identified (7–9). However, several synthetic 

bacteria can produce patterns (10–12).  

Both swarming and swimming rely on the rotation of flagella (2). Here we 

review known factors that contribute to pattern formation for swarming and swimming 

bacteria, including the concentric zone pattern formation that occurs in Proteus 

mirabilis, the environmental conditions that are conducive for Bacillus subtills pattern 

formation, the dendrite pattern formation in Pseudomonas aeruginosa, and described 

stationary swimming patterns in Escherichia coli.  
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Figure 1. Cartoon of swarming patterns. 
A) Bull’s eye pattern B) Dense branching motility pattern C) Dendrite pattern

Swarming 

Bacterial swarming is commonly observed in firmicutes, alpha-proteobacteria, 

and gamma-proteobacteria (3, 4). Swarming is triggered by responses to the surrounding 

environment, including extracellular signaling, cell-cell contact signaling or intercellular 

changes after cell contact with surfaces (13–15). This collective behavior is 

characterized by a side-by-side motion, powered by peritrichous or laterally expressed 

flagella. Due to the high energy demands, swarming occurs on energy rich media, and in 

a narrow range of agar concentrations. Media made with less than 0.3% agar promotes 

swimming and media with more than 1% agar will inhibit swarming in some species. 

Motility on the surface of agar is dependent on the reduction of surface tension of the 

agar. Bacteria can either use flagellar rotation to extract water from the media or create 

surfactants to reduce surface tension and move along the top of the agar (4).  
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During swarming initiation, the cells first undergo a lag phase where individual 

cells will differentiate into swarmer cells, generally characterized by elongated cells with 

increased lateral or peritrichous flagella and/or secrete surfactants to reduce the surface 

tension of the media to allow for swarming behavior (4). The lag phase can be shortened 

by overexpression of flagella or increasing surfactants depending on the species (4, 16–

18). After the lag phase swarmer cells emerge to colonize the surface.  

Swarming initiation cues in Vibrio parahaemolyticus 

During lag phase cells differentiation into swarm cells. Swarmer cells are 

elongated, multi-nucleated and have an increase in flagella number. Cells must increase 

expression of peritrichous flagella or, if they contain a polar flagellum, such as in Vibrio 

parahaemolyticus, upregulate expression of lateral flagella (4). In V. parahaemolyticus, 

lateral flagella are synthesized by laf genes, which are upregulated when cells are grown 

on an agar surface compared to liquid culture (5, 18). Induction of lateral flagella in V. 

parahaemolyticus can be induced by inhibition of polar flagella rotation by increased 

viscosity of the media, or addition of a flagella antibody or sodium channel blocker, 

suggesting that flagella are responsible for sensing the surface and triggering the 

upregulation of lateral flagella (5, 19, 20). During swarming on LB agar, V. 

parahaemolyticus can form a target pattern formed by swarm fronts that stop and 

undergo consolidation phases that increase the cell density resulting in a visible band of 

cells (5). While work with V. parahaemolyticus has accumulated in a well understood 
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model of surface sensing, the mechanism behind pattern formation has not been well-

studied.  

 

Bull’s eye pattern formation in Proteus  

Both Proteus mirabilis and P. vulgaris form a target, or bull’s-eye, pattern on 

swarm agar (21, 22). In the classic pattern, cells differentiate into swarmer cells that are 

elongated, hyper-flagellated and motile (21, 23). As the swarm front moves along the 

plate, the rate of spreading decreases before stopping. During the consolidation phase, 

continued growth occurs behind the swarm front and the swarmer cells dedifferentiate to 

short and non-motile cells, producing the thick band or terrace (22). From the terrace a 

new population of swarm cells move forward and the cycle repeats. This pattern of 

formation is most often found in P. mirabilis but has also been identified in P. vulgaris 

(21, 22).  

An alternative bull’s eye pattern not as readily studied is the ring pattern 

formation, more commonly found in P. vulgaris isolates. In this pattern, rings are 

thickened regions of growth that occur after the swarm front has passed. The formation 

of the rings was independent of the speed of the swarm front and could be formed after 

the swarm front had reached the edge of the plate (22, 24). Descriptions of Proteus 

throughout this dissertation reflect experiments to understand the classic pattern 

formation, in P. mirabilis and are referred to as P. mirabilis or Proteus.   
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Flagellar synthesis  

Motility is a key part of pattern formation, which requires the synthesis of 

flagella. Flagellar synthesis is highly organized into three classes of operons Class I, II, 

III, each class of operons contain genes needed for expression of different flagella 

components (25). Expression of the flagella genes is regulated so that proteins 

synthesized in order to efficiently and properly assemble the flagella. The master operon, 

or Class I operon, in E. coli is composed of the flhDC genes, and is regulated by several 

repressors and activators (18, 25–27). FlhD and FlhC form a complex, FlhD4C2, which 

binds with sigma-70 upstream of Class II genes and activates transcription. Genes in the 

Class II operon form the basal body and also express the sigma factor 28 from fliA (25, 

27) (Figure 2). Sigma-28 is bound in complex with another Class II protein, FlgM, an 

anti-sigma factor (25). After the basal body and hook are formed, FlgM is exported from 

the cells, freeing FliA which positively regulates the Class III genes (25, 27) (Figure 2). 

Class III genes include FliC, the structural unit of the flagellum, (FlaA in Proteus), and 

FliD (FlaD in Proteus) which caps FliC, along with chemotaxis genes and the motor 

proteins (25, 28).  

For Proteus, the flagella, chemotaxis, and motor genes are clustered in one 

operon (28). This conformation is not common in bacteria typically, such as in E. coli, 

there are three clusters of operons that consist of different flagellar genes expressed in 

each class (26). The hierarchy of the Classes of gene expression still exist for Proteus, 

but the clustering of the genes may help to quickly regulate the flagella cells when they 

switch from swarmer to vegetative cells (28).  
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Figure 2. Flagellum structure.  
Proteins that are under regulation of class II promoters are light colored, and 
proteins that are regulated by class III promoters are dark colored. After the basal 
body is assembled, FlgM is transported out of the cell, and the rest of the proteins 
under control of class II promoter are assembled. Membrane components are 
abbreviated outer membrane (OM), peptidoglycan layer (P), and inner membrane 
(IM). Proteins are named using the Proteus designation. 
 

Regulation of flagellar genes 

Umo.  Four previously uncharacterized genes were identified that increase the 

expression of flhDC (Figure 3). These genes were named umo (upregulator of the master 

operon) A-D (29). Umo genes are upregulated during swarming, and while mutations in 
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any of the umo genes resulted in a decreased swarm diameter, cells with partial deletions 

in umoB and umoD fail to elongate and have reduced swarming diameters (23, 29).   

umoB and umoD are predicted to work in the same pathway, with umoD 

upstream of umoB (29) (Figure 3). UmoD and UmoB work upstream of the Rcs 

(regulation of capsular polysaccharide synthesis) pathway, and lead to an increase in 

flagella (14). UmoB negatively regulates the Rcs pathway in Proteus, and is similar in 

sequence to igaA, a negative regulator of the Rcs pathway in Salmonella typhimurium 

(14, 29, 30).  

 

Rcs.  The Rcs phosphorelay system is composed of the response regulator 

RcsB, the sensor kinase RcsC, the phosphotransferase RcsD, and the outer membrane 

activator RcsF. RcsF interacts with IgaA (UmoB in Proteus) under outer membrane or 

peptidoglycan stress. This interaction allows RcsD to be phosphorylated by RcsC.  RcsC 

auto-phosphorylates before RcsD transfers the phosphate group to RcsB (31).  

Regulation of genes by the Rcs system can occur by phosphorylated RcsB alone, 

with a RcsB/RcsA complex, or with RcsB and other auxiliary proteins. The Rcs system 

can both positively regulate genes such as, rprA, a positive regulator of RpoS, and 

negatively regulating flhDC (31, 32). Negative regulation of flhDC transcription occurs 

when RcsB/RcsA directly bind to the +3 and +20 position in the promoter (31) (Figure 

3). 

Mutations in rcsC, rscD, or rscB result in increased swarming in Proteus (33, 

34).. Belas et al.,1998 identified mutations in rcsD that, while increasing swarming, do 
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not form terraces or the bull’s eye pattern, and predicted that this may occur from 

disruption to the consolidation phase (33). Clemmer and Rather isolated mutations in 

rcsC and rcsD that formed wider terraces (17). Potential differences in the strains could 

account for the discrepancies of the two phenotypes. The parental strains used in these 

studies were not identical, nor where the mutations were introduced. Previously strain 

differences in clinical isolates were observed to produce different patterns (35). 

However, both reports support that the Rcs system is important for pattern formation and 

swarming.  

Disruption of the waaL gene results in strains that are unable to swarm, but 

mutations in rscB are able to rescue swarm defects (14, 34). WaaL is an O-antigen ligase 

that is needed in the synthesis of LPS (36). The swarm defect was also rescued by 

mutations in umoD or umoB (igaA), leading to discovery of an additional pathway that 

bypasses RcsF to phosphorylate RcsB under outer membrane stress. This suggests that 

the increase in expression of flhDC needed for swarming cells can arise from 

perturbations of the cell envelope (34).  

 

Lrp.  Lrp is a transcriptional regulatory protein that regulates amino acid 

synthesis, and peptide transport (37). Mutations in lrp disrupt swarming in Proteus, but 

this loss can be rescued by overexpression of flhDC (38). Lrp expression is increased in 

differentiating swarm cells before peak flhDC levels and may be important for 

integrating information about the nutrient availability during swarmer cell differentiation 

(18) (Figure 3).  
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Figure 3. P. mirabilis swarming regulatory network. 
 IdsD is exported to adjacent Proteus by the Type VI secretion system (grey), 
compatible IdsD from neighboring cells needs to bind with IdsE for cells to be 
included in the swarm raft. The signaling pathway affected by putrescine is 
unknown. RcsB is an activator of speB. The Umo genes and Lrp are positive 
regulators of flhDC. Phosphorylated RcsB and RcsA negatively regulate flhDC. 
Under outer membrane stress UmoD is activated and leads to UmoB complexing 
with RcsD preventing phosphorylation from RcsC and decreasing phosphorylated 
RcsB. This relieves a negative regulator of flhDC. Phosphorylated RcsB can 
activate the minCDE operon which leads to inhibition of cell division. Torsional 
stress is sensed by flagella through FliL, this activates flagella synthesis possible 
through WosA or UmoA. 
 

Differentiation into swarmer cells  

Swarmer cell differentiation can occur on the surface of a semi-solid agar or 

other surfaces, such as a catheter (39). When the initial swarm front emerges from the 

inoculation site is dependent on the lag phase. From the inoculum, short cells 
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differentiate into swarmer cells, and then individual swarmer cells move back and forth 

until they form a raft with synchronized flagellar movements (40). The amount of time 

cells spend in lag phase is unaffected by growth rate but can be shortened by increasing 

the inoculum size or by overexpression of flhDC (16, 40).  

In V. parahaemolyticus, inhibiting flagellar rotation can lead to swarm cell 

differentiation. It was hypothesized that flagella in Proteus would be able to sense the 

load that occurs when rotating in media conducive for swarming, and regulate 

differentiation to swarmer cells (5, 13, 41). This hypothesis was tested in Proteus where, 

similar to V. parahaemolyticus, inhibition of flagellar rotation with either an anti-FlaA 

antibody or increases the media viscosity using 15% polyvinylpyrrolidone resulted in 

differentiation into swarm cells (42).  

 To identify genes potentially involved in surface sensing, transposon-insertion 

mutants were screened for genes that resulted in elongated swarm cells under non-

permissive conditions. Identified from the transposon screens were mutations in the 

motor-switch complex (fliG) or associated with the basal body (fliL) both of which 

caused swarmer cell differentiation to occur in liquid media (42, 43). FliL in Salmonella 

typhimurium is a cytoplasmic protein anchored in the inner membrane that is a 

component of the flagella basal body and interacts with the stator proteins MotA and 

MotB, and the proteins that comprise the M and C rings, FliF and FliG respectively (44, 

45).  

FliL is needed for swimming or swarming in Caulobacter and Rhodobacter (46, 

47). The role of fliL in Proteus swarming is muddled by polar effects on downstream 
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genes caused by the TN5 insertions, or in the intron (TargeTron) insertion. Common to 

all fliL mutants, including the nonpolar deletion, was an elongation phenotype in liquid 

culture (39, 42, 48). The strains with insertions disrupting fliL were defective in 

swarming, and some were unable to synthesize flagella, likely caused by a large decrease 

in the amount of FlaA (42, 48). A nonpolar deletion of fliL still resulted in an elongated 

cell, but with upregulated flagella (49). Regulators of flhDC are upregulated in the 

background of both the ∆fliL (Y1006), the intron insertion made with the TargeTron 

knockout system (Y1003), and BB2204, one of the TN5-CM mutations (48–50). 

Expression of FlaA changes between Y1003 and Y1006. A large decrease of FlaA was 

observed in Y1003, while in the Y1006 strain, there was a small increase in amount of 

FlaA present (48, 49). Since both mutations would result in a nonfunctional protein, it is 

possible that the decrease in flaA expression results from an unknown regulatory 

function of the fliL RNA. Alternatively, as the Y1003 flagellar defect could be rescued 

with a plasmid containing fliL and fliM, it is possible that polar effects on fliM altered 

flagellar assembly (49). Class II flagellar genes in Caulobacter are not expressed in 

strains with fliM mutations (51). Upregulation of flagella in the Y1006 strain is likely to 

result from the increased regulators of flhDC, such as, umoA (49).   

Another gene that affects flagella production under high viscosity is wosA. Based 

on the sequence of wosA it is expected to reside in the inner-membrane and cytoplasm, 

similar to fliL. wosA expression was increased in BB2204, and because of wosA 

predicted location in the cell, it is hypothesized that WosA interacts with FliL and is a 

part of the signaling pathway that triggers swarm cell differentiation (50) (Figure 3).  
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There is conflicting data regarding the role FliL plays under high torque in E. 

coli. It was hypothesized that FliL may help recruit or stabilize the stators under 

increased viscosity of the media and increasing torque. However, in contradiction to this 

finding, Partridge et al found that FilL mutants were not able to increase torque under 

high viscosity, and Chawla et al., found no defect in torque in ∆fliL strains (45, 52).  

Loss of fliL in Proteus and E. coli results in a reduction in swimming speed. This 

reduction can be rescued by mutations made in the MotB plug region, which regulates 

proton flux (45, 49, 52). These motB mutations also restore the swarm defects present in 

a ∆fliL Salmonella strain (45). motB mutations also arise as suppressors in Rhodobacter 

that restore the swimming defect (46). These results suggest that FliL interacts with 

MotB to help regulate proton flux.  

 

Cell elongation 

 Along with an increase in flagella, swarmer cells also inhibit cell division and 

filament into multinucleated elongated cells (21, 23, 24, 48, 49). Mutations that result in 

Proteus cells that are either always elongated or unable to elongate are unable to swarm, 

highlighting the importance of regulation of cell division during swarming and pattern 

formation (53). It was postulated that flagella genes were also responsible for the 

regulation of cell division based on the coordinated timing of cell elongation and the 

increase in flagella expression during swarming (16, 21, 23, 24).  

Strains with disrupted flagella synthesis are unable to differentiate, but will 

elongate if flhDC is overexpressed, as shown in the flhA disruption strain (16). Increased 
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expression of flhDC also decreased the lag phase and resulted in cells which 

differentiated faster than wildtype (16, 17). FlhD was also predicted to regulate cell 

division in E. coli (54). However, the changes in cell division predicted to occur by FlhD 

were strain specific and not caused by the presence or absence of FlhD (55). ChipSeq 

experiments also failed to identify any binding sites upstream of known cell division 

genes in E. coli (27). Later it was tested if increasing flhDC was sufficient to 

differentiate swarmer cells. However, while the increase of flhDC did result in increased 

flagella but it did not produce differentiated swarm cells in liquid as rcsD and fliL 

mutants. This indicated that while upregulation of flhDC is necessary it is not sufficient 

to create swarmer cells (17, 49).   

The rcsD mutations resulting in differentiated swarm cells in nonpermissive 

conditions suggest that the Rcs system may also regulate genes involved in cell division. 

The Rcs system regulates ftsZ and ftsA in E. coli, and was identified as a positive 

regulator of the Min operon in Proteus (56–58). The Min system is responsible for 

positioning the FtsZ ring in the center of the cell (59). Mutations that disrupt the min 

operon result in mini and larger cells due to uneven division, and increased min 

expression results in filamentous cells (60). RcsB binds in the promoter of minCDE to 

positively regulate expression and inhibit cell division (58)  (Figure 3). Increased min 

expression was found to follow the same pattern as flhDC expression, high in swarm 

cells and low during early consolidation, before increasing along the edge of the 

consolidation terrace in preparation for the next swarm cycle (23, 58).  
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Consolidation phase 

 During the consolidation phase, cells dedifferentiate back to vegetative cells. The 

dedifferentiated cells are non-motile creating a stationary terrace (21, 23, 40). New 

swarm fronts emerge from the most recently formed terrace, creating a repeating cycle 

(40). For cells to transition from swarmer to vegetative cells, they must reduce 

expression of flagella and increase cell division. The signal that the cells sense to trigger 

dedifferentiation is currently unknown. Reduction in flhDC and flagellar gene expression 

has been correlated with the change to vegetative cells during consolation phases (13, 

17, 61). Insertions that disrupt the flhDC promoter prevent downregulation of flhDC 

during consolation, likely due to disruption of negative regulatory binding sites (14).  

During swarming, amino acids are depleted from the cells (24). In cells collected 

from the edge of a terrace prior to a swarm, genes involved in amino acid synthesis and 

uptake, and in cellular respiration are upregulated.  It was proposed that the 

consolidation phase may be a rest period for cells to accumulate energy needed for the 

next swarm phase (23).  

Proteus are able to identify other Proteus cells as self and, cells that are not 

recognized as self are unable to differentiate for the next swarm cycle (62). During 

swarming the Type VI secretion system (T6SS) is used to transport the IdsD protein into 

nearby cells (15, 62). The T6SS in Proteus may be negatively regulated by the Rcs 

system (63). In the cell that receives IdsD, the IdsE protein will bind to IdsD if the two 

proteins are compatible. If the two proteins, IdsD and IdsE, bind together both cells are 

able to differentiate and swarm. If the IdsE and IdsD do not bind together the cell that 
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receives IdsD experiences a growth arrest during the consolidation phase and is unable 

to swarm (62).   

 

Media and Environmental Signals 

 Proteus can robustly swarm and form terraces on nutrient rich semi-solid media 

made with yeast extract, tryptone, and salt (40). Minimal media is non-permissible for 

swarming unless a swarming cue is added, normally CAS amino acids or defined set of 

amino acids including glutamic acid, aspartic acid, serine, proline, alanine, asparagine, 

glutamine (35, 64). Cells with insertions into the rcsD gene swarm on minimal media 

lacking swarm cues, but it is not understood how this mutation allows minimal media to 

be permissive for swarming (33). Swarm cues have different effects in different base 

media, and not all strains of Proteus respond to the same swarm cues (24).  

Proteus swarms in a range of agar concentrations.  Increasing the agar 

concentration shortened the length and velocity of the swarm front, but increased the 

length of the consolidation phase resulting in the same terrace cycle time (40). 

Increasing the concentration of agar does not change the number of terraces, but does 

increase biomass (24, 40). Proteus mirabilis has been reported to swarm on very high 

agar concentrations, and inhibition of swarming can require agar concentrations as high 

as 6% (1, 24). Under low concentrations of agar, Proteus swims as single cells through 

the media, however at an intermediate concentration strain BB2200 is unable to swim or 

swarm. The loss of motility for this strain occurs at agar concentrations of 0.5% and 

0.6%. It is hypothesized that the agar concentration is too high for swimming but too low 
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to provide the increase the torque needed to trigger cells to undergo swarming 

differentiation (48).   

 Another nutrient required for Proteus to be able to swarm is putrescine. Two 

separate strains with mutations in putrescine synthesis have swarming defects (35, 65, 

66). Putrescine is imported into Proteus by PlaP and synthesized from arginine by speA 

and speB, or from ornithine by speF (28, 65, 66). Mutations in speA or speB that disrupt 

gene function cause a delay in swarming, which can be rescued with the addition of 

putrescine (35, 65, 66). Activation of speB may be regulated by RcsB (63). Putrescine 

can also be produced from speC, and speA speC double mutants are unable to swarm. 

Double mutants in speA and speC have similar levels of flagellar expression, indicating 

that putrescine might be needed for cell elongation (14). It has also been suggested that 

putrescine functions as an extracellular signaling molecule, to allow cell-to-cell 

communication (65).   

 

Patterns formed by Bacillus subtilis are dependent on environmental conditions 

Swarming also occurs in the gram-positive Bacillus subtilis, where five unique 

patterns have been described each dependent on nutrient and agar conditions (6, 67). For 

agar conditions greater than 0.8%, B. subtills does not move by flagellar rotation.  

Instead, it uses production of extracellular matrix and surfactin to wet the surface of the 

agar. Cells are predicted to be pushed forward by cell growth (6, 68). In low nutrients 

environments, thin branches form a pattern called DLA-like. Increasing the nutrient 

concentration increases the number of branches and their widths compared to the DLA-
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like. Inevitably, the large number of branches merge into a solid disk, called an Eden-

like pattern (6, 67).  

The other growth patterns require flagella (6). Flagella production for swarming 

in B. subtilis is regulated by SwrA and the response regulator DegU (18). SwrA and 

DegU-P from a complex that binds to regulate fla/che operon (69). Disruption of swrA 

inhibits swarming, but swarming can be rescued by upregulation of the fla/che operon 

that is responsible for flagellar basal body transcription. Expression of swrA is controlled 

by two promoters: a sigma-dependent promoter and a sigmaD-dependent promoter. 

Deletions of either promoter regions promote swarming. SigmaD expression is regulated 

by SwrA, but SigmaA is regulated by the response regulator DegU, which is 

phosphorylated by DegS (18). DegQ helps the phosphotransfer from DegS to DegU, and 

DegR helps stabilize phosphorylated DegU (DegU~P) (70, 71). DegU~P can lead to 

activation or inactivation of different pathways, depending on the amount present. 

Unphosphorylated DegU or low levels of DegU~P are needed for swarming motility, 

while medium levels are needed for biofilm formation. High levels of DegU~P inhibit 

both processes (70). Understandably, due to the fine tuning of the amount of DegU~P 

and the different effects on gene expression, the regulation of DegU~P is complex and is 

still being elucidated. However, glucose and nitrogen starvation are known to regulate 

degU expression (72, 73).  

 Initiation of swarming in B. subtilis demonstrates a cell density-dependent lag 

phase, which may be required for cells to reach a density sufficient to secrete surfactant 

(4). Surfactant decreases the surface tension of the agar and allows for flagellar rotation, 
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and its production is dependent on quorum sensing (1, 4). Swarming in low agar 

concentrations and low nutrients produces many thin branches that only have actively 

growing cells at the tip of the branches. This pattern is called the Dense Branching 

Motile pattern or DBM (6, 67, 74, 75). These cells replicate DNA, synthesize 

peptidoglycan, and make rRNA, unlike the inactive cells in the stem (74). The inactive 

cells in the stem swirl, propelling the active cells in the tip forward (67, 76). Increasing 

the nutrient concentration allows cells to form a concentric pattern under a very narrow 

agar range (between 0.65% to 0.7%) (6, 74). The concentric pattern forms similar to 

Proteus and consists of a lag phase, and alternating swarming migration and 

consolidation phases. During the consolidation phase, cell division occurs in the terraces, 

and cell density increases at the edge of the recently formed terrace until the next swarm 

phase starts. At the higher end of the agar concentration spectrum, cells swarm for a 

shorter time, but undergo a longer consolidation phase (74). Decreasing the agar 

concentration to less than 0.65% forms a Disk-like pattern. Under these conditions, it is 

proposed that the swarm rate of the cells is faster than the nutrient concentration which 

results in a solid swarm front that never stops due to low nutrients (6).  

 B. subtilis pattern formation is based on varying nutrient and agar concentrations 

has been modeled based on the Fisher equation. Assumptions made in the model that 

there exist both active and inactive cell populations, where only the active cells can 

undergo cell-division and are motile, and inactive cells can never become active without 

the addition of nutrients. This is the basis for the reaction-diffusion model for all 

patterns. As the concentration of the nutrients available to the cells decreases, the 
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activity or number of active cells decreases (68). This is observed in the DBM pattern 

where only active cells are only located at the tip, where the most nutrients are located 

(75). This model predicts that in the concentric pattern, moving active cells stop when 

undergoing cell division. The resulting increase in cell numbers and it is this increase in 

cell numbers that pushes the cells forward and starts the next swarm phase (68). This 

wave of cells can be seen both under a microscope and when observing the plates of 

growing cells, and appears as a monolayer of active cells that forms an internal wave 

(74). The decrease in agar concentration increases the rate of swarming such that 

nutrients are never depleted which would cause the cells to switch to inactive cells. 

Furthermore, this model predicts that cell diffusion is dependent on the growth rate at a 

nutrient concentration (68).  

 

Dendrite patterning in Pseudomonas aeruginosa  

P. aeruginosa is a polar flagellated bacterium that is capable of swarming, 

swimming, and translocating via twitching motility. Twitching motility enables cells to 

spread over wet agar by using Type IV pili to pull themselves forward. Swimming for 

these strains occurs under low agar conditions, while swarming occurs on semi-solid 

surfaces, and twitching on solid surfaces (3).  

Swarming P. aeruginosa cells produce tendrils that expand over the plate, 

creating a dendrite like pattern. The cells move from the inoculation center initially in a 

continuous swarm front, this creates the swarming center. Subsets of cells move from the 

swarming center in different directions, groups of each of these cells produces a tendril. 
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Cells along the swarm front are elongated, and most still possess a single flagellum (77–

79). Unlike other swarm cells, P. aeruginosa does not become hyper flagellated or 

express lateral flagella (19, 23, 80). Expression of two polar flagella result in a hyper-

swarmer strain that swarm faster than the ancestral strain and lacks tendrils (81). 

Tendrils do not intersect with tendrils from the same swarm center, and will change 

directions to avoid tendrils from another strain. The loss of interactions between the two 

populations is mediated by the production of rhamnolipids (79). Rhamnolipids are 

amphipathic molecules that have a hydrophobic lipid and a hydrophilic sugar, these 

allow for the surface tension to be reduced. Rhamnolipids are synthesized by first 

converting fatty acids are to HAA’s (3-(3-hydroxyalkanoyloxy)alkanoic acids) by rhlA. 

Mono-rhamnolipids are made from rhamnose sugars and HAAs catalyzed by the 

rhamnosyltransferase RhlB. RhlC catalyzes the transfer of another rhamnose moiety 

onto the mono-rhamnolipids creating a di-rhamnolipid (82). The production of 

rhamnolipids is regulated by the quorum sensing systems LasI-LasR and RhlI-RhlR 

(83). LasR binds to its autoinducer and promotes expression of RhlR which along with 

its autoinducer promotes expression of rhlA and rhlB (82). Mutations in Las or Rhl are 

non-motile and wild type tendrils can interact (77, 79, 84). A rhlC mutant still produces 

mono-rhamnolipids, which allow for swarming but not tendril formation (79).  

Swarming cells compared to cells grown in broth culture have upregulated 

virulence factors, type III secretion systems, and genes involved in rhamnolipid 

production, and fatty acid metabolism, and siderophores (pyochelin and pyoverdine) for 

iron uptake (84). Comparing the gene expression in cells in the tip to the swarm center 
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showed that cells in the tip had higher expression of ETC proteins, ATPases, and 

components of the ribosome and protein synthesis genes indicating that cells at the tip 

are more metabolically active (78). Rhamnolipid production genes were upregulated in 

the swarm center, but rhlB was downregulated in the swarm tip (78, 84). Rhamnolipid 

gene expression patterns correlated with observed rhamnolipids, which were found to be 

produced in much larger quantities in the swarm center (85). Iron limiting conditions can 

induce rhamnolipid production through activation of RhlL-RhlR (86). Pyochelin and 

pyoverdine, both siderophores that uptake iron, were downregulate in the tip while 

bacterioferritin was upregulated, suggesting that iron levels were high and had not been 

taken from the media yet.  However, both siderophores were highly upregulated in the 

swarm center where iron may be limited (78). It is unknown if iron uptake is necessary 

for swarming since deletion of either siderophores did not have a swarm defect (84). 

Virulence factors are also under the control of quorum sensing systems and follow a 

similar pattern of expression with low expression in the tip cells, but high expression in 

the swarm center (78). Consistent with swarming cells only having one flagellum, 

flagellar genes were not upregulated compared to growth in liquid culture (84).  

Type IV pili that mediate twitching behavior have been proposed to be necessary 

for swarming, however there are conflicting results on whether swarming is dependent 

on expression of type IV pili (77, 84, 87). Type IV genes were not upregulated in swarm 

cells compared to broth, and one operon needed for type IV pili formation was 

downregulated, suggesting that the requirement of type IV pili may be strain specific 

(84). 
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Swimming  

 E. coli can swarm, but requires low surface tension agar (4). E. coli can swim 

when grown in low agar conditions which allows the cells to swim through the media 

instead of on the top of the surface as when swarming (2). During swimming cells move 

a biased random walk, were cells alternate between forward movement (runs) and 

changes in direction (tumbles) (88). Overall forward movement of E. coli is mediated via 

their chemotaxis system, which comprises receptors located at the pole of the bacteria 

that are able to bind ligands in the environment (89). After the signaling domain binds a 

ligand, there is a conformational shift that prevents CheA from phosphorylated CheY. 

Phosphorylated CheY interacts with the flagellar motor cause flagella to switch to 

clockwise rotation (90). While moving in a gradient of chemoeffectors cells can alter the 

time spent in a run by decreasing the frequency of tumbling which causes movement in 

the desired direction (89).  

 

Patterns formed by Swimming Escherichia coli 

When grown in swim media on TCA cycle intermediates, succinate, fumarate, or 

malate, E. coli can form repeating cell aggregates that appear as spots along the plate. 

These spots are dependent on aspartate sensing, and the addition of aspartate or deletion 

of tar, the receptor that senses aspartate, inhibits this pattern formation. As cells in a 

swarm front utilize the TCA cycle intermediate, they excrete aspartate, which creates a 

localized gradient of aspartate (7, 8). As cells aggregate, they produce more aspartate 

that will attract local bacteria to the cell aggregate, depleting cells from the nearby 



 

 

 

23 

region and creating the spots (7). The spots remain stable, as cells in the periphery of the 

aggregate have an increased probability of tumbling compared to cells in the middle (9). 

Since cells in the edges of the aggregate tumble, they are unable to escape the aggregate. 

Only cells that enter the aggregate on a run have a chance of escaping the aggregate and 

catching up the swarm front. When the aggregates are initially formed, they are motile, 

but cells that escape rejoin the swarm front and the left behind spots are characterized as 

non-motile (9).   

By using the quorum sensing systems found in P. aeruginosa, bacteria can be 

engineered to produce different patterns. Small clusters of bacteria can make Turing 

patterns, characterized by clusters of microscopic spots. By using the P. aeruginosa 

quorum sensing system, two strains are engineered that contain either dsRed or GFP 

under control of a different signaling molecule and transcriptional regulators. When the 

signaling molecule and the transcriptional regulator bind, they regulate the promoters 

that contain the dsRed and GFP genes. Since the signaling molecules have different 

diffusion rates spots of red and green form under the microscope due to cell aggregation 

(11).  

A bull’s eye pattern can be formed by creating a system in which cell motility is 

controlled by cell density. This system was created utilizing the quorum sensing system 

from Vibrio fischeri. The plasmids are designed so that a quorum sensing molecule 

accumulates when cell density is high. This molecule regulates a second plasmid and 

represses expression of cheZ (10). CheZ dephosphorylates CheY, creating a system 

where at high cell density a buildup of CheY~P occurs that causes the bacteria to tumble 
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(91). Concentric rings are formed by a buildup of quorum sensing signaling molecules 

behind the swarm front. After the amount of signaling molecules exceeds a threshold the 

increase in CheY~P causes the cells to be non-motile. These non-motile cells produce a 

stationary band of cells.  In front of the band there are cells at a low cell density that 

have not accumulated CheY~P are continuing to move forward. The band continues to 

grow until nutrients are exhausted (10).  

The engineered strain designed in (10) can be modified by introducing another 

regulating system. The P. aeruginosa quorum sensing system is coupled with the system 

from Vibrio fischeri to produce two sets of alternating stripes. The system is designed so 

each signaling molecule is produced in both strains under a constitutive promoter. 

However, each strain contains a different promoter controlling expression of cheZ, each 

expresses cheZ when the signaling molecule is bound to the corresponding response 

regulator. Co-inoculation of these strains produces concentric rings in a similar temporal 

space. To generate oscillating concentric rings, it was designed so that the strains would 

inhibit the motility of each other by repressing cheZ expression (12).  

While fewer swimming patterns have been identified, engineered bacteria show 

that complex patterns can be formed by swimming bacteria.  

 

Conclusions and Outstanding Questions 

Previously, it was hypothesized that overexpression of flhDC was the primary 

regulator for swarm differentiation (13, 16). Though flagella expression is essential to 

swarm differentiation, the Rcs system integrates almost all genes known to be important 
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for swarming in Proteus (63). What is still unclear is how the conflicting systems needed 

for swarmer cell differentiation are integrated by the Rcs system. For example, 

RcsB/RcsA are negative inhibitors of flhDC, while RcsB is an activator of the minCDE 

operon. For swarmer cell differentiation, both a derepression of flhDC and activation of 

the minCDE system are needed. How the Rcs system integrates both of these systems 

coordinately under swarming is unknown.   

Contrasting hypotheses for what genes are involved swarmer cell differentiation 

exist. While it is clear that FliL plays an important role in swarming cell differentiation 

for both Proteus and Vibrio parahaemolyticus, an alternative hypothesis is that the Rcs 

system is able to sense the surface by outer membrane stress (14, 34). It is important to 

determine whether FliL activation is under regulation from the Rcs system, or if these 

two systems of upregulating swarmer cell differentiation are independent.  

In multiple strains of bacteria, we see the same patterns form, the bull’s eye 

pattern and the dendritic pattern both form in two species (1, 4). While the bull’s eye 

pattern forms in multiple strains including engineered E. coli (10). The mechanism 

behind this pattern formation is still unknown. A key component of terrace formation 

still not understood is what induces the switch between the swarming and consolidation 

phases.  

Very few patterns have been identified on swimming agar, however complex 

patterns can emerge from engineered bacteria indicating that conditions conducive to 

pattern formation for swimming bacteria have not been reported. Further 

characterization of mechanisms important to these pattern formations can produce more 



 

 

 

26 

testable hypotheses to identify how bacteria are able to produce self-organized patterns.  

In this dissertation we describe that E. coli form a concentric pattern on nutrient rich 

swim media. To our knowledge this is the first characterization of this pattern in non-

engineered swimming bacteria. 
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CHAPTER II  

BULL’S EYE PATTERN FORMATION IN ESCHERICHIA COLI MUTANTS 

 

Introduction  

Bacterial motility is essential for colonization of environmental niches (1). While 

swimming E. coli K-12 move by flagellar rotation, and the directionality of movement, 

toward attractants and away from repellents, is mediated by the chemotaxis system (89). 

During the study of chemotaxis cells with increased motility were selected. This led to 

the identification of mutations in the promoter of the operon encoding the master 

regulator of flagella synthesis, flhDC (92). Mutations have also been identified in the 

intergenic region between flhD and uspC, and in known regulators of flhDC expression 

(92–94). Most previous work has been performed at non-physiological conditions, 30 °C 

typically using TB media.  

Cells move in a biased random walk, characterized by short runs (forward 

movement) followed by tumbles which cause the cells to change direction (88). When in 

the presence of an attractant or repellent, cells can extend their run times by reducing the 

likelihood of a tumble. This results in a net gain of forward movement with respect to a 

chemoeffector gradient (89). The chemoreceptors Tar, Tsr, Tap, Trg, and Aer mediate 

chemotaxis toward specific chemoeffectors, including aspartate and maltose (Tar), serine 

(Tsr), dipeptides and pyrimidines (Tap), ribose and galactose (Trg), and oxygen (Aer) 

(91, 95–99). Ligands bind to chemoreceptors inducing a conformational change that 

inhibits the histidine kinase cheA from autophosphorylating, this prevents the 
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phosphorolation of cheY (90). The phosphorylation state of cheY ultimately determines if 

cells run by rotating flagella counterclockwise or tumble by rotating at least one 

flagellum clockwise, which occurs when P~CheY interacts with the flagellar motor (90, 

100).  

In a swim plate made with tryptone as the carbon and energy source, cells will 

form chemotaxis rings. As cells metabolize available attractants a spatial gradient is 

created. The cells will localize to the steepest part of the gradient, this can be easily 

visualized as a sharp ring of cells (101). The first of these rings is formed by the 

utilization of serine. In the region behind the serine front, cells will adapt and begin to 

use aspartate (102, 103). The third chemotaxis ring forms on the bottom of the plate due 

to a lack of oxygen, where cells anaerobically consume threonine (102). Repeated 

selection of E. coli K-12 cells from different locations behind a chemotactic front 

resulted in the isolation of strains that evolve to expand to different distances from a 

central inoculation point. These different strains were able to cohabitate, with each 

dominating in a different region on the plate. This may reflect a way into increase the 

number of niches available for colonization by the same species (104).  

Here we report the isolation of mutants of E. coli K-12 (BW25113) with 

increased motility on LB swim medium at 37 °C. These mutants fell into two classes 

based on the pattern that formed on swim media. One pattern consisted of chemotaxis 

rings, formed by the utilization of different amino acids in the media (102). The other 

pattern consisted of wide bands of high cell density and narrow bands of lower cell 

density, creating a bull’s eye pattern. We identified that for these mutants that the bull’s 
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eye pattern does not form under typical conditions used to study chemotaxis, incubation 

at 30 °C on TB media.  

 While IS elements in the flhD promoter regions are correlated with chemotaxis 

patterns at 37 °C on LB swim media, IS elements in the intergentic region of flhD-uspC 

and mutations in lrhA resulted in band formation. Disruptions in lrhA and the IS 

elements in the intergenic flhD-uspC region each possess a different banding pattern. 

Here we described the expansion rates of both pattern and chemotaxis formation, along 

with describing the chemotaxis receptors needed for pattern formation.  

 

Methods 

Bacteria strains, and motility assays 

The strains used in this study are in Table 1. Bacterial strains were streaked fresh 

for each experiment from 15% glycerol stocks. Stocks were stored at -80 °C. The growth 

medium used was LB which contained per Liter; 10 g tryptone (Bacto), 5 g yeast extract 

(Bacto) 10 g NaCl (Sigma). Kanamycin was used at the final concentration of 50 µg/mL. 

For swim plates: plates were made using 10 g tryptone, 5 g yeast extract, 10 g NaCl (170 

mM) and 2.5 g agar per Liter, referred to here as Swim Motility Medium Sodium 

Chloride (SMM-Na). Swim Motility Medium Potassium Chloride (SMM-K) was made 

with 10 g tryptone, 5 g yeast extract, 12.4 g KCl (170 mM) and 2.5 g agar per Liter. TB 

plates were made using 10 g tryptone, 8 g NaCl and 2.5 g agar per Liter. EZ rich defined 

media was purchased (Teknova. Inc.) (105) and 10mM of either glucose or glycerol was 

added as a carbon source. Hepes pH 7 was added to a final concentration of 10mM and 
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was used to buffer the EZ rich defined media. When present amino acids were added to a 

final concentration of 10mM. Stocks of amino acids (1M) were adjusted to a pH of 7 

using HCl, or KOH (for SMM-K) or NaOH (for SMM-Na). All additives to the media 

were added after autoclaving. Motility plates contained 25 mL of media, and with the 

exception of plates with added amino acids where dried unstacked for 90 minutes at 

room temperature, prior to inoculation. Plates were incubated at 37 °C for 12 hours 

unless otherwise noted. Plates with added amino acids were stacked and dried for an 

indeterminate amount of time.  
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Table 1. Strains used for experiments in Chapter II. Strains in bold have been 
sequenced. 

 
 
 
 
 

 

Strain Generation 

Deletions of genes were obtained from Keio strains (106) and moved into the 

desired strains using P1vir (107). Transductants were selected on LB agar containing 

kanamycin (50 µg/mL) and 10mM sodium citrate. Transductants were passaged an 

additional time on selective media to prevent phage contamination. Transductants were 
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single colony purified on selective media. Positive transductants were confirmed with 

PCR.  

Isolating strains with increased motility  

Cells were taken from an outgrowth and used to inoculate a fresh swim plate. 

After 12 hours of incubation at 37 °C, a sample was taken from approximately halfway 

between the center and edge of the plate and streaked for single colonies on LB agar. 

Cultures for freezer stocks were inoculated with single, isolated colonies. The motility 

phenotype of the stock cultures was confirmed.  

 

Whole-genome sequencing  

Genomic DNA was prepared for whole-genome sequencing (WGS) using a 

phenol-chloroform extraction protocol (108) with the following modifications: single 

colonies were used to inoculate 10ml of LB medium in 125mL flasks and grown for 4 h 

at 37 °C shaking at rpm 250. Cells were pelleted by centrifugation at 4,000g and washed 

with TE buffer. DNA was either extracted immediately or pellets were flash frozen in 

TE buffer with 20% sucrose and stored at -80 °C. After extraction genomic DNA was 

precipitated overnight at -20 °C in 300 mM Na acetate (pH 5.2) and 3 volumes of 90% 

EtOH.  

DNA sequencing was performed at Texas A&M AgriLife Research Genomics 

and Bioinformatics Service, or the Microbial Genome Sequencing Center (MiGS). 

Adapters from reads were trimmed using TrimGalore (v0.6.3). Mapping of reads to the 

reference genome BW25113 (NZ_CP064677.1) was performed with Bowtie2 (v2.3.4.1) 



 

 

 

33 

(109)default settings, with the exception of distance between reads, which was set to a 

max of 3000 using flags –I 0 and –X 3000. Default settings were used for BWA MEM 

(v0.7.15) (110)alignments, and for SAMtools (1.7) (111) when sorting and indexing bam 

files. BCFtools (1.9) (112) (using consensus caller flags -cv) and Freebayes (v1.3.2) 

(113) variant callers were used with ploidy set to 1. IS elements were identified using 

ISMapper (v1) (114). Positive variants were defined as those with at least 80% of reads 

containing the alternative allele.  

 

Images and Figures 

Images were taken with a Canon M50 camera with settings: shutter speed 1/320, 

aperture F6.3, ISO 1600, and the EOS Utility application. Light was provided by a SYL 

16CM ring light. Plates were imaged on black glass to prevent glare. Images were 

cropped and converted to greyscale using Microsoft PowerPoint, which was also used to 

adjust the brightness on images as needed. Genome structure cartoon was created in 

Abobe InDesign CS6.  

Time-lapse images and movies  

Time-lapse movies were created by imaging plates every minute for the duration 

of the pattern formation. Single colonies from fresh streaked plates were grown in 5 mL 

of LB media until an O.D.600 of 0.2-0.3. The cell culture was diluted to an O.D.600 and 

0.2 ul was spotted on the center of an SMM-Na plate. The camera and SYL 16CM ring 

light were placed an incubator lined with black cardboard. The air flow was adjusted to 

keep the plate at a consistent 37 °C and prevent overheating due to the ring light. 
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Temperature was tracked using a digital thermometer. Images were taken every minute 

and to decrease the background noise, due to the LED ring light, the images from every 

10-minute interval were averaged together using Matlab 2018b. Averaged images were 

used for time-lapse figures. 

Expansion rates were measured using Matlab 2018b by first identifying the pixel 

intensity of the inoculation spot after 2.5 hours, before spreading had occurred. Pixel 

values greater than the pixel intensity of the inoculation spot at 2.5 hours were recorded 

for each image. Pixel values were normalized to the background pixel intensity from the 

first image. Likely due to the yellow color of the LB media, the green channel contained 

more background noise. Therefore, quantifications were made from pixel values 

recorded in the red channel. 

  

Results 

 

Mutants of E. coli K-12 form a periodic banding pattern on nutrient-rich soft agar 

E. coli K-12 strain KH6, which is our lab isolate of BW25113 is non-motile at 37 

°C on swim agar plates made with LB (referred to here as Swim Motility Media Sodium 

Chloride, SMM-Na) (Figure 4A). However, outgrowths of faster spreading cells were 

frequently seen arising from KH6 (Figure 4A), similar to those described for other 

poorly motile K-12 strains on motility agar made from TB at 30 °C (92–94). Passaging 

the outgrowths on fresh swim plates produced two distinct phenotypes: one consisted of 

chemotaxis rings (Figure 4B), and the other consisted of repeating regions of high cell 
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density, interspersed with low cell density regions resulting in a bull’s eye pattern, 

referred to here as a banding pattern (Figure 4C). Similar bull’s eye patterns have been 

observed for Bacillus subtilis, Proteus mirabilis, and Vibrio parahaemolyticus, when 

plated on nutrient-rich swarm agar where the bacteria are moving across a surface (1, 5, 

74). However, to our knowledge this is the first reported description of this pattern in a 

non-engineered, swimming bacterial strain (10).  

 

 

Figure 4. Motility phenotype of chemotaxis rings and banding pattern. 
Plates A and C were incubated for 12 hours whereas plate B was incubated for 8 
hours in SMM-Na at 37 °C. A) Under the conditions tested the parental strain KH6 
is non-motile. Outgrowths are indicated by the white arrow B) Canonical 
chemotaxis pattern observed in KH1220 C) Banding pattern observed in KH318 
 
 

To identify genes responsible for formation of the banding pattern, a screen of 

mini-Tn5 transposon mutants in strain KH6 was performed. Screening of 32,004 

transposon-positive colonies resulted in identification of 45 strains with increased 

motility, compared to KH6 which is non-motile at SMM-Na at 37 °C.  From the 45 

strains with increased motility, 20 formed a banding pattern (115). The location of the 

transposon insertions was determined using inverse PCR.  Of these 20 strains, nine had a 
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transposon insertion in the gene encoding the transcription factor LrhA (Table 2). 

Mutations in lrhA have been previously identified to increase expression of flhDC and 

other downstream flagella genes, and result in increased motility (94, 116).  

We hypothesized that the genes disrupted in the remaining 11 transposon-

insertion mutants would be causal for formation of the banding pattern. However, the 

corresponding genes deletions strains obtained from the Keio collection (106) (Table 3) 

only five of the Keio strains showed a banding pattern. The deletion mutation from each 

of these strains was moved into strain KH6 by transduction with phage P1vir. The 

resulting transductants all showed a non-motile phenotype on SMM-Na, leading us to 

conclude that additional mutations were present and responsible for banding pattern 

formation in these strains. This result also led us to consider the possibility that some of 

the mini-Tn5-Kan insertion mutants that showed a banding pattern might also contain 

additional mutations. To test this possibility PCR screening was used to test for 

mutations in lrhA in the strains that did not contain a mini-TN5-Kan disruption in lrhA. 

This revealed that seven strains contained mutations in lrhA (Table 2). For some strains 

we PCR screened multiple isolates of the Keio stock. The four remaining mutants from 

the mini-transposon screen did not contain mutations in lrhA. 

Due to the results just described, we tested the motility phenotype of all other 

Keio strains in our lab. This revealed 24 additional strains that formed the banding 

pattern (Table 4). We observed that moving the known gene deletion into KH6 resulted 

in transductants with a non-motile phenotype, with the exception of ∆lrhA771(del)::Kan 

the transductants of which resulted in a banding pattern. Indicating that these 23 strains 
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have additional mutations that are causal for the banding phenotype. We PCR screened 

lrhA from these 23 strains and identified that 13 had a mutation in lrhA. In summary of 

the 29 from the Keio banding strains, 18 contained a mutation that caused a banding 

phenotype lrhA (Table 3, Table 4). Of these, 18 strains contained a mutation in lrhA, 

strongly suggesting that mutation in lrhA are responsible for the banding phenotype.  

 

 

Table 2. Genotypes of banding strains obtained from mini-Tn5 transposon screen. 
Grey boxes highlight the causal mutations for band formation. Strains in bold have 
been whole-genome sequenced. Strains are separated by banding type 
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Table 3. Genotypes of banding strains obtained from the Keio collection, 
corresponding to a gene disrupted by the mini-Tn5 transposon screen. Grey boxes 
highlight the causal mutations for band formation. Strains in bold have been whole-
genome sequenced. Strains are separated by banding type. Multiple isolates of 
Banding type 1 strains were isolated from Keio strains.  
 

 

 

Table 4. Genotypes of banding strains obtained from the Keio collection, not 
corresponding to mini-Tn5 transposon gene insertions. Strains are separated by 
banding type. Grey boxes highlight the causal mutations for band formation. 
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Banding types 

We categorized the banding strains into three groups depending on the number of 

repeating bands of high cell density and the clarity of the pattern. Banding type 1 is 

characterized by a regular repeating pattern of bands with clearly demarcated regions of 

low cell density, i.e. the interbands (Figure 5C). Banding type 2 also has a repeating 

pattern of bands, but the boundaries between the bands and inter-bands are less distinct 

(Figure 5D). Banding type 3 is characterized by strains that formed one band (Figure 

5E). Banding type 1 is correlated with mutations in lrhA. Banding type 2 is correlated 

with strains with mutations in the flhDC-uspC intergenic region. The banding type 3 

strains did not contain mutations in lrhA. One banding type 3 strain contained a four 

base pair deletion in the intergenic region of flhD-uspC, and we have not identified the 

causal mutation in the remaining banding type 3 strains. The rest of the experiments to 

be reported focused on banding types 1 and 2.  

 

Figure 5. Motility phenotypes. 
Plates A,C,D,E were incubated for 12 hours and plate B, was incubated for 8 hours 
in SMM-Na at 37 °C A) non-motile for BW25113  B) Canonical chemotaxis pattern 
observed in KH1220 C) Banding type 1 pattern representative strain KH318 D) 
Banding type 2 representative strain KH707 E) Banding type 3 representative 
strain KH938 
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Causal mutations for banding patterns 

LrhA is a transcription factor that negatively regulates flhDC, the master 

regulator for flagellar synthesis (27, 116). Deletion of lrhA has been shown to increase 

the number of flagella by three-fold in MG1655 (117). Due to the frequency of lrhA 

mutations observed in our banding strains, and because the deletion of lrhA results in a 

banding phenotype, we hypothesized that disruption of lrhA was causal for band 

formation. Restoring the lrhA+ allele in strains containing a lrhA mutation returned the 

wildtype non-motile phenotype (Figure 6). To confirm that lrhA mutations were 

sufficient to cause banding, the ∆lrhA (JW2284-6) was moved by transduction into wild-

type strains. Wild-type strains MG1655 and BW25113 were used to test if the ∆lrhA 

resulted in a banding phenotype was strain specific. 10 independent transductions were 

preformed, three into MG1655 and seven into BW25113. Of 67 transductants were 

colony purified and the motility phenotype was tested, of the 67 transductants 66 of 67 

formed a banding pattern (Figure 7). Whole genome sequenced (WGS) of seven 

independent transductants confirmed that the only mutation present in these strains was 

the ∆lrhA compared to our respective parental strains (Table 2). Confirming that the loss 

of lrhA alone is sufficient to induce the banding pattern.  
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Figure 6. Restoring lrhA results in a parental phenotype. 
A) KH6 B) KH1 with restored lrhA C) KH1 with lrhA670::IS1 
 

 

Figure 7. Deletions of lrhA exhibit a banding phenotype. 
 Plates were incubated 14 hours at 37 °C in SMM-Na. Strain names are listed below 
pictures. A) KH6 B) KH318 (BW25113 ∆lrhA::FRT) C-E) isolates from KH318 that 
were WGS F-K) BW25113 ∆lrhA::Kan isolates that were WGS L-O) MG1655 
∆lrhA::Kan isolates that were WGS. P) MG1655 (KH7) 
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Of the 51 banding strains that we had isolated 16 had a wild type lrhA allele. 

WGS of these 16 strains revealed that the majority (12/16) contained an IS element 

inserted into the intergenic region between the divergently transcribed genes flhD and 

uspC (Table 2,3,4; Figure 8). Nine strains with IS elements in the flhD-uspC region 

resulted in a banding type 2 phenotype. The IS insertion locations were clustered within 

350 base pairs of the uspC start codon or more than 500 base pairs from flhD coding 

sequence (Figure 8, Table 5). It is unknown if these mutations affect expression of uspC, 

flhD or both. Inactivation in uspC results in the loss of flagella, however it is unknown if 

the effect is direct or indirect (118) 

We selected for motile mutants from KH6 on SMM-Na and identified two 

banding and three chemotactic strains that contained IS elements between flhD-uspC. 

Strains that formed chemotaxis bands contained IS elements closer to flhD, while strains 

exhibiting banding contained IS elements near uspC (Figure 8; Figure 4 B and D).  

 

 

Figure 8. Schematic of mutations identified in flhD-uspC intergenic region. 
Distance between tick marks is equal to 100 base pairs. Diamonds represent 
location of IS element insertion. Red diamonds are IS element insertion locations 
for strains that exhibit chemotaxis rings, while black diamonds are locations for 
banding strains. Asterisk corresponds to nucleotide deletions sites  
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Table 5. Location of mutations identified in flhD-uspC intergenic region. Genomic 
location and distance mutations occurred from flhD and uspC are reported.  
 

 

Pattern formation is dependent on yeast extract and incubation at 37 °C 

The banding type 1 pattern formation only occurred on media made with yeast 

extract and incubated at 37 °C. Incubation at below 37 °C resulted in fainter bands with 

fainter demarcations in the bands, until the bands fully disappeared at 30 °C (Figure 9B). 
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Figure 9. Banding type 1 pattern is dependent on incubation at 37 °C 
A-B) plates incubated at 30 °C C-D) plates incubated at 37 °C A and C) BW25113 
(KH6) at 37 °C KH6 is non-motile but is motile at 30 °C B and D) KH318 is 
banding at 37 °C but is non-banding at 30 °C.  
 

To test how individual components affected the banding pattern we tested for 

band formation on a rich defined media, however, it was not able to support banding 

(Figure 10). Based on this observation, we hypothesized that band formation is 

dependent on yeast extract. Media made with only yeast extract and salt (tryptone 

excluded from SMM-Na media) is sufficient for cells to form the banding pattern 

(Figure 11). In the absence of tryptone the bands became wider than those formed in 

SMM-Na (Figure 11). Increasing the amount of yeast extract in SMM-Na did alter the 

pattern but did not completely obscure the pattern (Figure 11). These experiments show 
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that the cells are utilizing a component of the yeast attract to form the banding pattern 

and that amino acids from tryptone can alter the pattern.  

 

Figure 10. Banding type 1 strains are unable to band on EZ rich defined media. 
A-B) media made with glucose as a carbon source, both KH6 and KH318 were non-
motile C-D) media made with glycerol as a carbon source A and C) KH6 media 
made glycerol support motility at 37 °C B and D) KH318 was non-banding at 37 
°C. 
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Figure 11. Increasing yeast extract concentration alters banding type 1 formation. 
A-C) KH6 D-G) KH318 (∆lrhA) A and E) media made with yeast extract (5g/Liter) 
and NaCl (10g/Liter) supports banding B and F) SMM-Na C and G) SMM-Na with 
2X yeast extract D and H) SMM-Na 10X yeast extract 
 

To test for important components in yeast extract that could alter banding we 

added in excess nutrients present in yeast extract to SMM-Na. Due to the effect of 

banding with and without tryptone present in the media we tested which amino acids 

were able to alter the banding pattern. 19 amino acids were added individually to the 

SMM-K (Swim Motility Media Potassium Chloride) media. These experiments were 

done with KH10 (∆kch lrhA198::IS5) and KH1 (∆trkA lrhA670::IS1). The addition of 

10mM serine inhibited the band formation, resulting in motile but non-banding 

phenotype. Serine was confirmed to affect both KH318 (∆lrhA) and KH707 (flhD IS-

510) (Figure 12). When KH1220 and KH707 was grown in the presence of added serine 

the serine chemotaxis ring was intensified. Perhaps, the addition of serine could change 
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the metabolism of the cell, as serine is the first amino acid utilized from the media, or it 

could change the chemotactic behavior of the cells (101, 103).  

 

Figure 12. Supplementing media with serine obscures pattern formation. 
A-D) SMM-Na E-H) SMM-Na with 5mM serine I-L) SMM-Na with 10mM serine 
A,E and I) KH6 is non-motile under all conditions B,F and J) KH318 faint bands 
can be observed at 5mM serine (F) C,G and K) KH707 non-banding swimming can 
be seen at 5mM serine (G), presence of an expanded serine ring is seen at 10mM 
(K) D,H and L) KH1220 plates incubated for 8 hrs. Addition of 5mM serine (H) 
intensifies the serine chemotaxis ring. At 10mM this ring is expanded further. 
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Chemotaxis is necessary for band formation 

The addition of serine to SMM-Na resulted in a motile by non-banding 

swimming pattern. To test if this was due to the sensing of serine or the utilization of 

serine we made a tsr deletion in the KH318 and KH707 background strains, banding 

types 1 and 2 respectively. The mutant strains resulted in a motile but non-banding 

swimming phenotype (Figure 13). It is possible that the additional serine saturated the 

Tsr receptor and prohibited the cells from using Tsr to sense gradients (89). To test if 

other chemoreceptors were essential to band formation, we individually deleted the four 

remaining receptors, tap, tar, trg, and aer from the two banding type strains and tested 

the motility phenotype of the double mutants. While we saw no change in the presence 

of banding in the absence of Aer or Trg, we identified that the deletion of tap resulted in 

non-motile phenotype for both strains (Figure 13). To ensure that the loss of tap merely 

did not slow the strains spreading, the motility plates were incubated until outgrowths 

appeared.  

If the formation of the two banding phenotypes (bands 1 and bands 2) are the 

same, we predict that they would utilize the same chemoreceptors. Deleting the 5 

chemoreceptors (aer, tap, tar, tsr, trg) in the KH707 background revealed that this 

pattern is dependent on the presence of tar in addition to, tsr and tap (Figure 13). In the 

KH318 background, tar does not cause a loss of banding, but does change the width of 

the bands. KH707 also colonizes a larger area of the plate than KH318, indicating that 

different chemoreceptors and ligands could be utilized by the strains to colonize 

different distances throughout the plates.  
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Figure 13. Tap and Tsr are needed for both banding type 1 and banding type 2 in 
SMM-Na. 
Banding type 2 also requires Tar. Relevant genotypes listed in figure. A) KH6 B) 
KH318 (BW25113 ∆lrhA) C) KH707 IS5 (-510 flhD) D) KH1220 incubated 8 hours 
E) KH1212 (∆lrhA +IS) incubated 8 hrs. F) CW24 (∆aer ∆lrhA) G) RP079 (∆tar 
∆lrhA) H) CW28 (∆tap ∆lrhA) I) CW26 (∆trg ∆lrhA) I) CW16 (∆tsr ∆lrhA) K) 
KH1200 (∆aer ∆lrhA) L) KH1197 (∆tar ∆lrhA) M) KH1202 (∆tap ∆lrhA) O) 
KH1198 (∆trg ∆lrhA) P) KH1202 (∆tsr ∆lrhA) 
 

To test if the phenotypic changes were due to the strains or to the media 

condition we tested all double mutations under traditional chemotaxis conditions, 30 °C 

in TB media (Figure 14). Here we see that KH318 and KH707 are non-motile in the 

absence of tap and non-banding by motile swimming in the absence of tsr similar to the 

SMM-Na phenotype. However, the loss of tar had the same effect in both strains and 

resulted in the loss of the second chemotaxis ring (Figure 14). The TB results indicate 
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that the loss of banding in ∆tar KH707 in SMM-Na is media specific and in the KH318 

and KH707 strains the loss of Tap is detrimental to motility.  

 

Figure 14. Tap and Tsr are needed for banding in TB 30 °C. 
Plates incubated 8 hours at 30 °C in TB media. Relevant genotypes listed in figure. 
A) KH6 B) KH318 (BW25113 ∆lrhA) C) KH707 IS5 (-510) D) KH1220 E) KH1212 
(∆lrhA +IS) F) CW24 (∆aer ∆lrhA) G) RP079 (∆tar ∆lrhA) H) CW28 (∆tap ∆lrhA) I) 
CW26 (∆trg ∆lrhA) I) CW16 (∆tsr ∆lrhA) K) KH1200 (∆aer ∆lrhA) L) KH1197 (∆tar 
∆lrhA) M) KH1202 (∆tap ∆lrhA) O) KH1198 (∆trg ∆lrhA) P) KH1202 (∆tsr ∆lrhA) 
 

In addition to sensing pyrimidines, Tap senses dipeptides through interactions 

with the dipeptide transporter DppA (97, 99). To test what was affected by the ∆tap we 

passaged outgrowth from ∆tap ∆lrhA and selected banding reverents to be WGS. 

Sequencing of these strains identified an IS3 element in rhsD. The banding revertants, 

however, did not have any fixed mutations present. We are unable to conclude what 

caused the loss of banding in the ∆tap strains.  
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Tap is not functional as a sole chemoreceptor present in the cell, it requires the 

presence of either Tsr or Tar. A tsr mutant had the best response to dipeptides (97). 

Indicating that Tap may prefer to utilize Tar when sensing dipeptides, and that the loss 

of Tar in the two banding strains could affect Tap function. Tar senses both maltose and 

aspartate, and the addition of maltose to the SMM-Na media also results in wider bands 

in the KH318 strain, similar to RP079 (∆tar ∆lrhA) (Figure 13, 15). Since a saturated 

chemotaxis receptor is not able to utilize a gradient of effector molecules (89). The 

changing in the bands in RP079 is likely due to a loss of Tar sensing likely aspartate. 

The loss of Tar in the KH707 caused a loss of bands, indicating that the chemoreceptors 

and ligands utilized for the banding pattern differ between bands type 1 and bands type 

2.  
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Figure 15. Addition of maltose alters banding pattern in banding type 1 formation. 
Strain CW17 (BW25113 ∆lrhA::FRT),. A-B) SMM-Na C-D) SMM-Na + 0.2% 
Maltose 
 

Chemotaxis rings and banding types 1 and 2 have different expansion rates 

  Expansion rates of three types of motile mutants, banding type 1 (KH318), 

banding type 2 (KH707), and classic chemotaxis (KH1220). Each type of motility 

pattern resulted in a different expansion rate. Analysis of time-lapse movies (movies 

supplemental file) revealed that banding type 1 had the slowest expanse and had the 

longest lag time before moving from the inoculation site, while KH1220 had the fastest 

expansion rate, and had mostly colonized the plate prior to KH318 cells exited lag phase 

(Figure 16).  
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We repeatedly observed outgrowths from KH318 (∆lrhA). When inoculated onto 

fresh SMM-Na these outgrowths would exhibit faster spreading than any banding strain, 

and chemotaxis rings were observed. Sequencing the intergenic region between flhDC 

and uspC revealed an IS element insertion. Previously, a double mutation of an IS 

element in the intergenic region between flhDC and uspC along with a lrhA mutation 

was reported to maintain faster spreading than either mutation alone (94). This result 

indicates that the chemotaxis pattern is dominant to the banding pattern (Figure 13E).  

 

 

Figure 16. Time course of chemotactic ring and band formation. 
A) Chemotaxis strain KH1220 B) Banding type 1 strain, KH318 C) Banding type 2 
strain KH707. D) Quantification of cell expansion in time-lapse movies. Points 
correspond to the number of pixels in cell front. KH1220 (black), KH707 (blue), 
and KH318 (red). 
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Discussion 

In addition to the well characterized chemotaxis pattern, here we described an 

alternative pattern that forms in rich swim media. This alternative pattern arises from 

mutations in strains previously characterized for their increased motility on media made 

with TB and incubated at 30 °C (92, 93, 119) but when grown at 37 °C on SMM-Na 

form a pattern consisting of repeating high and low cell density (Figure 3). Banding 

strains were isolated from motility media, transposon mutagenesis, or observed in Keio 

strains (Tables 1-4). They can be classified into four motility patterns: Banding type 1 

containing repeating bands with a sharp demarcation, these strains mostly contained 

mutations or IS elements in lrhA, banding type 2 consisted of wider bands with fainter 

demarcation, and all contained IS elements within 350 base pairs of uspC, and more than 

500 base pairs away from flhD (Figure 4 and 7 Table 5). Previously, strains with 

increased motility contain mutations between flhD-uspC and formed chemotaxis rings 

on TB media at 30 °C.  However, these strains were reported to be tested on LB media at 

37 °C (92, 94). We hypothesized that IS elements that were located near uspC would 

result in a banding phenotype, while mutations that clustered near flhDC would result in 

strains with chemotaxis rings. Banding type 3 were characterized as only forming one 

band, and canonical chemotaxis, consisting of three fronts of cells that move along 

amino acids spatial gradients (Figure 4).  

Strains with chemotaxis rings were identified in strains with IS elements less 

than 400 base pairs away from flhD (Figure 7). LrhA is a reported transcription factor 

that directly binds in the flhD promoter to negatively regulate transcription (106), while 



 

 

 

55 

uspC also regulates flagella but the mechanism is unknown (108). By deleting 

chemoreceptors in a KH318 (∆lrhA) and KH707 (flhD -510) strain we determined that 

these banding strains do not require the presence of the same chemoreceptors to form 

bands. These findings indicate that these patterns are formed by sensing different ligands 

in the media and responding to different spatial gradients. 

Tsr senses serine, but can also sense other ligands (95, 120, 121). While the loss 

of the Tsr through a gene deletion or oversaturation of the receptor with 10mM serine 

resulted in a motile, but non-banding swimming phenotype (Figure 12), the loss of a 

functional tsr did not inhibit motility of the banding strains (Figure 13,14).  

The loss of Tar, the chemotactic receptor that senses aspartate and maltose 

resulted in wider bands in KH318 (banding type 1) (Figure 13). The addition of maltose 

to KH318 also produces wider bands (Figure 15). It is possible that the addition of 

maltose saturates the receptor resulting in the same phenotype as the deletion of Tar. It 

has also appeared that the ∆tar ∆lrhA (RP079) strain forms bands at a slower rate than a 

∆lrhA strain, but the rate of RP079 expansion has not been tested. Tar is more critical in 

the KH707 strain, as loss of tar resulted in a loss of bands. This suggests that KH318 and 

KH707 sense different ligands when migrating. 

  The loss of the Tap chemoreceptor is detrimental to motility in both banding 

strains, in SMM-Na at 37 °C and in standard TB media incubated at 30 °C. While the 

presence of Tap is essential to pattern formation and motility in the banding strains, it 

has previously been reported as having no obvious media defects in TB media (122). 

Tap senses pyrimidines and dipeptides for which sensing is dependent on the dipeptide 
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permease, DppA (97). Tap alone has poor chemoreceptor function due to weak 

phosphorylation of CheA, a mutant strain containing Tap as a lone chemoreceptor is 

unlikely to produce a strong enough response for chemotaxis (123). Tap needs the 

presence of either Tsr or Tar in the strain to function and may prefer Tar (97). Zhang et 

al., identified that after a cells group around a high concentration of aspartate, a 

subpopulation will move away from this attractant toward a provided TB source. The 

movement of the subpopulation of cells was dependent on the presence of Tap and Tar 

(124). We speculate that Tap and Tar may play a mechanistic role in band formation 

where we see recurring patterns of cells starting and stopping. The non-motile phenotype 

conferred by the ∆tap may not be due to the loss of the chemoreceptor. To identify 

processes affected in the ∆tap ∆lrhA strain we incubated these strains until outgrowths 

formed, several of these outgrowths banded when plated on fresh media. Sequencing 

these strains and the RP079 strain revealed an IS3 element inserted into rhsD in all 

strains. Rhs proteins are shown in Dickeya dadanti to inhibit the growth of neighbor 

cells in a contact dependent manner (125). An evolution experiment that selected for 

different migration speeds on rich and minimal media identified several rhs genes that 

were mutated, but the effect of those mutations is not known (126). It is possible that the 

rhsD mutations are responsible for the non-motile phenotype in RP079.  

LrhA directly regulates the master flagella regulator flhDC (116) which either 

directly or indirectly is responsible for regulation of the rest of the chemotactic genes 

and flagellar genes (27). UspC is also known to increase flagella production but it is 

possible due to the location of the IS elements in banding type 2 strains that the IS 
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elements affect flhD and not uspC. Further characterization is needed to determine if the 

IS elements affect production of flhD, uspC or both genes. Regardless, the upregulation 

of flagella in the KH707 is apparent due to the increased expansion of cells. 

The different dependence on chemoreceptors for pattern formation indicates that 

the three strains, chemotactic and banding types 1 and 2 are utilizing different gradients 

of nutrients in the media to expand their populations. This would allow for the ability of 

the strains to expand into the same niche. Previously others have shown that two 

subpopulations of E. coli can cohabitate the same region by expanding their populations 

in two distinct distances from the center of the plate (104)This has also been seen in 

yeast where isogenic cells grown on rich complex media segregate over time into two 

distinct metabolic states used to occupy the same niche (127). The utilization of different 

nutrients could allow for a better colonization of a region by not competing for 

resources.  

Future Directions 

In the immediate future it will be imperative to confirm the role of Tap and RhsD 

on banding formation. Experiments have been started to test the motility phenotype of 

rhsD gene deletions in the background of KH318 and KH707. We have also started to 

test the role that DppA, that interacts with Tap to sense dipeptides, has on band 

formation. To confirm the role of Tsr, Tap, and Tar during band formation 

complementation experiments must be performed. To identify if growth rate or 

swimming speeds affect the chemotaxis mutants both growth curves and tethered cells 

assays would need to be performed. While no motility defects have been reported before 
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in ∆tap strains, the effect of ∆tap and the other chemoreceptors on our KH1220 strain 

needs to be confirmed.  
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CHAPTER III  

BULL’S EYE PATTERN FORMATION IS DEPENDENT ON (P)PPGPP SYNTHESIS 

 

Introduction  

Bacterial motility depends on environmental conditions including nutrient 

availability and a permissive surface for swarming or low agar conditions for swimming 

(2, 4). Various bacteria employ different tactics to swarm, resulting in characteristic 

patterns for different strains. Perhaps, the most well studied pattern, is the formation of 

concentric zones of cells that form while Proteus mirabilis swarms (22). During Proteus 

swarming differentiated swarmer cells will bundled together to form a raft (23). How 

these cells coordinate together has been an intriguing question for over a century. In 

contrast to swarming motility, swimming cells individually move through liquid or low 

agar (2). Previously, we described that deletion of lrhA, or IS elements inserted in the 

intergenic region between flhD-uspC resulted in a repeating pattern of high and low cell 

density under swimming conditions (chapter II); However, how these mutations lead to 

cell coordination and pattern formation is unknown. 

Swimming, like swarming, is a flagellar-dependent phenotype (2). Expression of 

flagella in E. coli is under control of the class I operon flhDC (25). FlhD4C2 forms a 

transcription factor that activates class II genes, which are flagellar proteins that form the 

basal body and hook of the flagellum and other genes that regulate flagella synthesis. 

Those regulators activate transcription of the filament, motor and chemotaxis proteins 

(25, 27). Expression of flhDC is affected by many negative and positive regulators, 
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including LrhA (25). LrhA negatively regulates flhDC by directly binding to the flhD 

promoter (116). The LrhA binding site is frequently disrupted by an IS element and has 

been reported in several motile lab strains: RP437, W3110K, W3220, MC1000, W2637, 

YK410, MG1655-motile (93). Missense mutations in lrhA have also been found to 

increase the expansion rate of E. coli swarm cells, this is likely due to the increase in 

flagella (94, 117).  

IS element insertions in the promoter region of flhD and between flhD-uspC have 

been identified previously, and lead to an increase in swarming diameter (92–94). The 

increase in motility likely is caused by disrupting the topology of the region and 

relieving the repression from negative regulators (26). We have identified that the 

location of the IS elements within the intergenic region between flhD-uspC affects the 

motility pattern on LB swim agar (Chapter II). The location of the IS elements suggests 

that disruptions close to uspC may be affecting the expression of uspC instead of flhDC 

as previously thought (92). Mutations in uspC are non-motile, but how uspC contributes 

to flagella synthesis is unknown (118). Expression of uspC is regulated by the global 

alarmone, (p)ppGpp, which activates the stringent response under stress conditions 

(128–131). During the stringent response, (p)ppGpp binds with DksA to RNA 

polymerase to modulate the expression of many genes to directly activate several amino 

acid biosynthesis genes and inhibit ribosomal promoters (129). Flagella synthesis and 

aggregation is also in part regulated by (p)ppGpp and DksA. Although differences in 

flagella synthesis were observed in a cell unable to synthesis (p)ppGpp (132–134).  
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Here we suggest a potential mechanism for pattern formation observed in E. coli 

mutants. We determine that (p)ppGpp production is essential for pattern formation and 

find that the addition of iron and short chain fatty acids affect motility and pattern 

formation.  

Methods 

Bacteria strains, motility plates 

Bacterial strains were streaked fresh for each experiment from 15% glycerol 

stocks. For motility plates Swim Motility Media (SMM-Na) plates were made using 10 g 

tryptone, 5 g yeast extract, 5 g NaCl (170 mM) and 2.5 g agar per liter. All supplements 

added to the media were filter sterilized and added after autoclaving. Final 

concentrations: 2,3,5-Triphenyltetrazolium chloride 0.05g/L ; ferrous sulfate 

heptahydrate 10mM ; sodium acetate 20mM ; sodium butyrate 20mM ; sodium 

propionate 20mM ; sodium formate 20mM. Buffers were adjusted to pH 7 before adding 

to media: MOPS pH was raised to 7 with NaOH final concentration 50mM ; Phosphate 

buffer was made from combining Na2HPO4 and NaH2PO4, final concentration used 

100mM. All motility plates contained 25 mL of media and were dried unstacked for 90 

minutes prior to inoculation.  

 

Imaging and Figure Generation 

Images were taken with a Canon M50 camera with settings: shutter speed 1/320, 

aperture F6.3, ISO1600, and the EOS Utility application. Light was provided by a SYL 

16CM ring light. Plates were imaged on black glass to prevent glare. Images were 



 

 

 

62 

cropped and converted to greyscale, using Microsoft PowerPoint, brightness on images 

was adjusted as needed. RNA polymerase structure image was created in PyMol (v2.3.2) 

using pdb file 5VSW (135).  

 

Strain Generation  

Deletions of genes were obtained from Keio strains (106) and moved into the 

desired backgrounds using P1vir (107). Transductants were selected on LB agar 

containing kanamycin (50 µg/mL) with 10mM sodium citrate. Transductants were 

passaged an additional time to prevent phage contamination. Strains were confirmed 

with PCR. Transductants containing both relA and spoT mutations were confirmed for 

auxotrophies on M9 0.2% glucose.  

Banding suppressors were isolated by passaged once from outgrowths onto fresh 

SMM-Na plates. Cells were isolated from banding positive plates and single colonies 

were used to generate stocks.  

 

Whole-genome sequencing  

Cells were prepared for whole genome sequencing (WGS) following a phenol-

chloroform extraction protocol (108). DNA was sequenced at Microbial Genome 

Sequencing Center (MiGS). Adapters from reads were trimmed using 

TrimGalore(v0.6.3). Mapping of reads was performed with Bowtie2 (v2.3.4.1) default 

settings, with the exception of distance between reads, which was set to a max of 3000 

using flags –I 0 and –X 3000. Default settings were used for BWA MEM (v0.7.15) 
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alignments, and for SAMtools (1.7) when sorting and indexing bam files. BCFtools (1.9) 

(using consensus caller flags -cv) and Freebayes (v1.3.2) variant callers were used with 

ploidy set to 1. IS elements were identified using ISMapper (v1).  Positive variants were 

defined as those with at least 80% of reads containing the alternative allele.  

Table 6. Strains used for experiments in Chapter III 

 

 

Results  

E. coli forms a periodic banding pattern while swimming 

 We have previously identified that disruptions to lrhA and mutations in the 

intergenic region between flhD and uspC result in a periodic banding pattern on swim 
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media made from LB (Swim Motility media or SMM-Na). These patterns vary slightly 

in appearance. While mutations in lrhA have sharp demarcations between bands of high 

cell density, and strains containing IS elements between flhD-uspC form wider bands 

with fainter demarcations (Chapter II). Similar banding patterns have been described in 

Proteus mirabilis and Proteus vulgaris during swarming on nutrient rich agar (21, 22). 

During swarming motility, only the top of the plate is colonized as cells join together to 

form rafts and secret surfactants to move along the top of the plate (4). We tested the 

ability of our cells to swim on a SMM-Na plate using a redox-sensitive dye 2,3,5-

Triphenyltetrazolium chloride (TTC). TTC can be used as an electron acceptor during 

cellular respiration and turns from colorless to red (triphenyl formazan) when reduced 

(136). Using TTC we were able to confirm that cells (Figure 17) are swimming through 

the media and utilizing all dimensions of the plate. Since these cells are able to swim in 

three dimensions throughout the agar.  
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Figure 17. Banding pattern forms while swimming. 
Plates were incubated at 37 °C in SMM-Na with TTC (0.05g/L). A) KH6 
(BW25113) B) KH1220 (IS1 -320 flhD) C) KH318 (∆lrhA) D) KH1193 (IS5 -510 
flhD) E-G) Cross sections of plates through the inoculation center E) KH1220 (IS1 -
320 flhD) F) KH318 (∆lrhA) G) KH1193 (IS5 -510 flhD) 
 

Increased flagella synthesis is necessary for band formation 

LrhA directly negatively regulates flagellar expression and indirectly regulates 

expression of type 1 fimbriae, RpoS, and chemotaxis proteins (116, 117, 137, 138). 

RpoS, sigma-38, is induced under several stress conditions including carbon, phosphate 

and magnesium starvation and upon entry into stationary phase (139). Negative 

regulation of RpoS levels by lrhA occurs in two ways. LrhA increases the activity of 

RssB, an adapter protein which promotes RpoS degradation via the ClpXP protease, and 

it also represses transcription of the sRNA RprA, which activates RpoS translation. (137, 

138, 140). In wild type cells, RpoS is degraded by ClpXP during exponential growth, but 

accumulates upon entry into stationary phase. In a rssB mutant strain RpoS is not 

degraded by ClpXP and will accumulate under all growth conditions (141). LrhA 
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mutants have a small increase in RpoS levels, and subsequent activity (137, 142). To 

determine whether an increase in RpoS could result in a banding pattern, we tested the 

motility of a ∆rssB strain, which has been shown to accumulate high levels of RpoS and 

increase activity of RpoS (141). We found ∆rssb to be non-motile, however since LrhA 

negatively regulates flagella synthesis (116) it is possible that banding required both an 

increase in flagella and RpoS activity. To confirm if band formation was dependent on 

rpoS we created a ∆rpoS ∆lrhA strain and found it did not alter the banding type 1 

pattern (Figure 18).  

 

Figure 18. RpoS is not needed for band formation. 
Plates were incubated at 37 °C in SMM-Na for 14 hours. Relevant genotypes are 
listed below the images. A) KH6 B) KH318 C) KH1001 D) KH1006 E) KH1007 F) 
KH986 G) KH116 H) KH984 I) KH1008 J) KH1009 
 

LrhA is an inhibitor of expression of type 1 fimbriae and functions by the 

increasing the expression of negative regulator FimE (117). To test if type 1 fimbriae 

were necessary for band formation, we deleted fimE in our wildtype strain. We predicted 

the loss of fimE would increase type 1 fimbriae levels similar to those proposed to occur 
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in a ∆lrhA strain. We found our ∆fimE strain to be non-motile, due to the non-motile we 

could not rule out the involvement in a flagella dependent phenotype. To determine if 

type 1 fimbriae were involved in band formation, we deleted fimA in KH318. FimA is 

the major subunit for fimbriae, and we found that the loss of FimA did not affect the 

band formation (Figure 18).  

LrhA negatively regulates flhDC, the master operon for flagella synthesis, by 

binding to the promoter (116). Mutations in lrhA lead to an increase in flagella synthesis 

in MG1655, and increase swarming distance (94, 117). We confirmed that the banding 

strain KH318 required both flagellar synthesis and a functional chemotaxis system (data 

not shown). Flagellar synthesis is regulated in part by temperature, where at high 

temperatures over 40 °C, very few flagella are synthesized (143). At 37 °C, wild-type 

BW25113 and MG1655 (CGSC #6300) strains are non-motile. The E. coli laboratory 

strains RP437, W3110K, W3220, MC1000, W2637, YK410 and MG1655-motile 

(CGSC #8237), all contain IS elements that disrupt the LrhA binding site in the flhDC 

promoter (93). We tested the motility of RP437 on SMM-Na and observed chemotaxis 

rings and an increase in speed of expansion over the plate (Figure 19). This led us to 

hypothesize that the bands may form due to a reaction-diffusion system, where speed at 

which the cells expand would determine the pattern. For slow swimming cells the 

migration front depletes the local nutrients below a threshold that causes the cells to 

become non-motile. For strains that expand faster, the migration front never depletes the 

local nutrients and consequently never stops migrating. This was supported by testing 

the motility phenotype in SMM-Na at 30 °C, conditions that allow for flagellar synthesis 
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in wild type strains. At 30 °C KH318 had only formed one very faint band and KH1193 

had grown confluently without forming bands. While BW25113 and MG1655 had both 

produced two clear bands (Figure 20). To confirm that pattern at 30 °C was not specific 

to our parental strains, additional isolated of strains of BW25113 and MG1655 were 

tested. All wild type strains formed bands at 30 °C (Figure 20). These results support the 

hypothesis that the speed of expansion, potentially modulated by the number of flagella, 

creates the banding pattern due to nutrient limitation.  

 
Figure 19. Motility phenotype of RP437 
A) TB 30 °C B) SMM-Na 37 °C plates incubated 8 hours 
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Figure 20. Wild type cells form a banding pattern in SMM-Na at 30 °C 
plates were incubated for 20 hrs. A) KH318 B) KH6 C) SDB262 D) SDB264 E) 
KH1197 F) SDB265 G) KH7 H) KH1024 
 

 

(p)ppGpp is necessary for band formation 

(p)ppGpp is a global regulator produced by two synthases, RelA and SpoT under 

nutrient and other stress conditions (130, 131, 144, 145). (p)ppGpp production induced 

by amino acid starvation is RelA-dependent while other stresses including fatty acid, 

iron, and carbon starvation produce (p)ppGpp in a SpoT dependent manner (131). Upon 

stress, (p)ppGpp binds to RNA polymerase (RNAP) to regulate the activity of genes 

(130). In addition to RNAP, (p)ppGpp can bind to other proteins and is involved in 

regulation of many cellular processes (146).  

Strains containing IS elements upstream of flhD result in two phenotypes 

depending on the location of the IS element. IS elements located within 300 base pairs of 
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the flhD start codon led to a chemotaxis phenotype, which is characterized by the 

presence of expanding rings that correlate with the cells sensing and utilizing serine, 

aspartate and threonine (Figure 19). IS elements located more than 500 base pairs from 

flhD, that cluster closer to uspC result in a banding pattern (Chapter II). We 

hypothesized that IS elements closer to uspC increased uspC expression and affected 

flagella expression. UspC along with UspE contribute to flagellar production and 

adhesion (118) and both genes are positively regulated by (p)ppGpp (128).  

We predicted that upregulation of uspC would lead to banding, and subsequently 

tested if loss of (p)ppGpp (designated ∆RS), a known positive regulator of uspC, would 

affect band formation (128, 147). We tested the effect of ∆RS on our KH318 (∆lrhA) 

strain. This strain (KH1073) had reduced motility and was non-banding (Figure 21). 

While loss of relA in KH318 still formed bands, they were reduced in size and number 

(Figure 21). We were unable to test the motility phenotype of a ∆lrhA spoT- strain, as a 

spoT mutation alone is not viable, but is viable when made in a relA- background. 
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Figure 21. (p)ppGpp synthesis is required for banding type 1 formation. 
Plates were incubated at 37 °C in SMM-Na for 14 hours. Relevant genotypes are 
listed below the images. A) KH1193 B) KH1067 C) BW1071 D) KH1088 E) KH1089 
F) KH318 G) KH1069 H) KH1073 I) KH1093 J) KH1094 
 

We observed outgrowths on SMM-Na plate emanating from KH1073. We 

passaged these outgrowths onto fresh SMM-Na and identified four strains that 

suppressed the ∆RS phenotype and banded (Figure 21). From each of the four banding 

strains we whole-genome sequenced two isolates from each strain, and identified in one 

isolate a 5 amino acid deletion in rpoC, and in one isolate contained a E74K amino acid 

mutation in rpoD (Figure 22)  

Other studies have identified suppressors of ∆RS strains in rpoB, rpoC and rpoD 

(M+ mutants) overcome the need for (p)ppGpp to regulate RNAP (129, 142, 148). We 

conclude from this data that (p)ppGpp is necessary for band formation.  
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Figure 22. Mutations in RNA polymerase occur in banding ∆RS strains. 
Mutation isolated from KH1089 is highlighted in blue (blue box). Mutation in 
KH1094 is not crystallized in this structure. (adapted from pdb 5VSW) 
 

Effect of carbon supplementation on pattern formation 

(p)ppGpp is synthesized by RelA under amino acids starvation, and synthesized 

by SpoT under carbon, iron and fatty acid limitation (131, 149). We hypothesized that in 

our banding strains the slower migration compared to chemotaxis strains led to nutrient 

depletion which activated (p)ppGpp. Cells near the swim front should have access to 

nutrients, but cells behind the swim front could become nutrient limited as components 

are used from the media. Pattern formation is dependent on yeast extract being present in 

the media, and because of this we are not able to remove individual components of the 

media to test how banding formation responses. We instead added nutrients in excess to 
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SMM-Na to test for pattern modification. We predicted that providing nutrients in excess 

would relieve the stress and therefore the necessity of (p)ppGpp. We focused on stress 

conditions known to induce the stringent response and upregulated uspC, these included 

carbon, phosphate, iron, and acetate starvation (128, 131).  

We first tested the effect of adding in various carbon sources on pattern 

formation. The addition of either glucose or maltose altered the pattern (Figure 23) while 

glycerol and fructose had no effect (Figure 23). Glucose has long been known to inhibit 

flagellar formation (143). We are unable to conclude that the reduction of motility with 

the addition of glucose is due to additional carbon and not inhibition of flagellar 

synthesis. Maltose increased the width of the bands, and we have previously shown that 

deletion of the chemoreceptor that senses maltose produces the same phenotype (chapter 

II). Therefore, we suggest that alteration of the banding pattern in the presence of 

maltose can alter the ability of the receptor to sense a gradient of chemoeffectors. The 

supplementation with fructose and glycerol did not affect pattern formation (Figure 23), 

suggesting banding formation is not due to carbon limitation.  
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Figure 23. Addition of 0.2% Maltose and 0.2% glucose alter banding in ∆lrhA. 
CW17 (∆lrhA::FRT) Plates incubated for 16 hours at 37 °C A) SMM-Na B) SMM-
Na + 0.2% glycerol C) SMM-Na + 0.2% Fructose D) SMM-Na + 0.2% maltose E) 
SMM-Na + 0.2% glucose F-H) SMM-Na (transparency 65%) overlaid on each 
image from A-E 
 

Phosphate supplementation does not affect pattern formation 

Under phosphate starvation conditions, (p)ppGpp accumulation is SpoT dependent. The 

elevated level of (p)ppGpp induces RpoS through interactions with IraP and Rssb (129). 

We supplemented SMM-Na media with 100mM phosphate buffer and observed no 

effect on pattern formation (Figure 24).   
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Figure 24. Addition of phosphate does not alter pattern formation. 
Plates were incubated at 37 °C for 14 hours. A-B) SMM-Na C-D) SMM-Na + 
100mM potassium phosphate buffer pH 7 A,C) KH6 BW25113 C,D) KH318 ∆lrhA 
 

Effect of iron supplementation on pattern formation 

When iron becomes limiting cells synthesis (p)ppGpp in a SpoT-dependent 

manner (150). (p)ppGpp upregulates production of the siderophore Ent that takes up iron 

(151). Regulation of Ent by (p)ppGpp is Fur independent (150). Under iron-sufficient 

conditions, Fe2+ binds Fur to negatively regulate iron acquisition genes (152). Mutations 

in ent and fep genes in E. coli W3110 have swarm deficiencies (153). The addition of 

less than 1mM ferrous sulfate did not alter the banding period of either KH318 or 

KH707, although the demarcations were sharper this could be due to the increased 

contrast of the media (Figure 25). The addition of 10mM ferrous sulfate returned a wild 
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type non-motile pattern, while KH1220 was still able to swim, although much slower. 

Due to the high concentration of iron needed to affect banding, we cannot exclude the 

possibility that toxic effects altered the pattern formation. While iron is not limiting in 

LB broth, iron uptake appears to be important for swarming (153). Further experiments 

are needed to determine if iron limitation triggers pattern formation during swimming.  

Effect of short chain fatty acid supplementation on pattern formation 

Under acetate starvation uspC is produced (128) and E. coli grown in 50mM 

acetate repress production of DksA (154). This indicates that acetate could influence the 

stringent response through DksA and also affect uspC expression. To test if fatty acids 

could alter banding, we added 20mM of different short chain fatty acids (SCFA) to 

SMM-Na buffered with 50mM MOPS. We found that the addition of acetate, 

propionate, and butyrate altered banding by producing a non-banding motility phenotype 

(Figure 26). Acetate, butyrate, and propionate have been shown to positively regulate 

flagella in Enterohemorrhagic E. coli (155) suggesting that the non-banding phenotype 

in SCFA-supplemented media could be due to upregulation of flagella. At 100mM 

concentrations, acetate, propionate, and butyrate all support band formation in BW25113 

at 37 °C. We predicted this is due to an upregulation in flagella (data not shown). 

Growth on media supplemented with either acetate, propionate, or butyrate also affected 

the pattern formation of KH707. Under these conditions chemotaxis rings were observed 

and the plates were colonized at the same rate as the chemotaxis controls (Figure 26). 

The addition of formate did not affect the banding pattern in KH318, and KH707 was 

not tested the observed swimming behaviors of strains grown on either acetate, 
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propionate, or butyrate supports our hypothesis that cells with high migration rates move 

too fast to form bands.  

 

Figure 25. Addition of 10mM ferrous sulfate inhibits motility in KH318 and 
KH707. 
Plates were incubated at 37 °C in SMM-Na. Time incubated is listed in figure. All 
plates contain 50mM MOPS (pH 7) with E-H) 1mM FeO4S I-L) 5mM FeO4S M-P) 
10mM FeO4S A,E,I,M) KH6 B,F,J,N) KH318 C,G,K,O) KH707 D,H,L,P) KH1220 
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Figure 26. Short chain fatty acids obscure banding patterns. 
Plates were incubated 12 hours at 37 °C unless otherwise noted A,E,I,M) BW25113 
(KH6) B,F,J,N) Banding type 1 (KH318) C,G,K,O) Banding type 2 (KH707) G,K,O) 
incubated 6 hours D,H,L,P) Chemotaxis strain (KH1220) incubated 6 hours A-D) 
SMM-Na + 50mM MOPS pH7 + 20mM NaCl E-H) SMM-Na + 50mM MOPS pH7 
+ 20mM sodium acetate I-L) SMM-Na + 50mM MOPS pH7 + 20mM sodium 
butyrate M-P) SMM-Na + 50mM MOPS pH7 + 20mM sodium propionate 
 

Acetate is converted acetyl-CoA, by two pathways one directly through Acs and 

the other produces acetyl phosphate as an intermediate product (AckA-Pta pathway. 
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Using the AckA-Pta pathway, acetate is converted to acetyl phosphate with AckA and 

then to acetyl-CoA using the EutD and Pta acetyltransferases (156). Pyruvate can be 

converted to acetyl-CoA in both anaerobic and aerobic conditions (154). We tested if the 

effect of acetate on the band formation could be due to an increase in acetyl-CoA. When 

10mM sodium pyruvate was added to SMM-Na we observed a change in the banding 

pattern, including fainter demarcations of the inter-bands and an alteration of the width 

of the bands (Figure 27). This led us to test if acetate being converted to acetyl-CoA was 

necessary for banding. We deleted the different enzymes needed for this conversion. 

While the single deletions of acs, eutD, and pta had no effect on banding in a ∆lrhA 

strain, ∆ackA ∆lrhA caused a reduction in the banding phenotype (Figure 28). Acetyl 

phosphate has been shown to regulate over 100 genes, including flhDC, it is possible that 

the change in flagellar regulation is what is contributing to the loss of the pattern (156). 

We were unable to make a ∆eutD ∆pta ∆lrhA mutant to answer if conversion from acetyl 

phosphate to acetyl-CoA affects band formation. 

Discussion  

 Here we propose that cell coordination, and, therefore, pattern formation 

occurring in swimming bacteria, is dependent on nutrient availability. When grown at 37 

°C wild type E. coli strains BW25113 and MG1655 are non-motile. When grown in 

SMM-Na at 30 °C which is a permissive temperature for flagella synthesis (143)these 

strains will form a banding pattern (Figure 20). We conclude that the banding formation 

is a normally occurring phenotype in swimming bacteria under permissive conditions. 
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Figure 27. Addition of 10mM sodium pyruvate modifies the banding pattern. 
Plates were incubated at 37 °C in SMM-Na for 14 hours. A-B) KH6 (BW25113) C-
D) KH318 (∆lrhA) 
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Figure 28. Deletion of ackA alters band formation. 
Plates were incubated at 37 °C in SMM-Na for 14 hours. A) KH6 B) KH1129 C) 
KH1130 D) KH1134 E) KH1126 F) KH318 G) KH1104 (left) KH1129 (right) H) 
KH1136 I) KH1135 J) KH1126 
 

Two types of mutations have been identified by our lab to form these patterns 

under growth at 37 °C on swim plates. Both mutations in lrhA and IS elements inserted 

upstream of flhD-uspC are involved in flagellar production (92, 94). We predict that an 

increase in flagellar synthesis is what allows the banding formation to be visible at 37 °C 

when wild type cells are non-motile. These strains do not form patterns when incubated 

at 30 °C, while pattern formation by these strains could be temperature dependent it 

could also be a result of an increase in flagella. Strains with increased migration rate 

such as those that display a chemotaxis pattern, never pause and in this model would 

move too fast to fully deplete nutrients. Bacteria that have faster migration fronts in 

semi-solid agar tumble more often and decrease the time spent running (91, 126).  

While swarming Proteus alternates between swarming and consolidation phases 

(40). During swarming, amino acids are depleted, and during the consolidation phase, 
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cells increase amino acid biosynthesis (23, 24). It is hypothesized that the consolidation 

phase is a period of time for the cells to accumulate energy needed for the next swarm 

phase (23). Disruption of lrhA in Proteus had a minimal effect on swarming but, hexA a 

homolog of lrhA, is upregulated during Proteus consolidation, and is needed for 

infection along the urinary tract in mice (23). 

We focused on the mechanism for band formation using KH318 (∆lrhA). In E. 

coli LrhA is not only a negative regulator of flhDC, but also negatively regulates type 1 

fimbriae and RpoS (116, 117, 137, 138). We are able to conclude that RpoS is not 

involved in banding formation, a double mutant of lrhA and rpoS did not affect band 

formation (Figure 18). Although, the loss of the major subunit of type 1 fimbriae, FimA 

did not affect the banding pattern formation we cannot conclude that type 1 fimbriae are 

not important for band formation. In the absence of FimA, small type 1 fimbriae can 

form composed of FimG and FimH and maintain some functional binding activity (157). 

It is possible, that this residual binding activity is contributing to the formation of the 

banding pattern. LrhA is regulated by RcsB and Lrp both of which have been found to 

affect swarming in Proteus (34, 38, 138). Lrp is a global regulator that regulates 

metabolism and motility in response to nutrient conditions (158)Lrp during swarming in 

Proteus positively regulates flagella synthesis, and lrp expression is highest corelates 

with upregulation of flhDC (38). In E. coli regulation of flhDC by Lrp is predicted to 

occur through LrhA (37). Expression of Lrp is dependent on (p)ppGpp synthesis (158). 

(p)ppGpp synthesis is necessary for our pattern to form, we speculate that a possible 

mechanism is regulated through Lrp in response to nutrient stress.  
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In Proteus (p)ppGpp accumulates in cells that are unable to be recognized as self 

and inhibits flhDC excluding cells from joining a swarm raft (62). In E. coli (p)ppGpp 

has been shown to negatively regulate flhDC in liquid culture (133, 134) but on swim 

plates made from LB positively regulates flagella synthesis (132). A loss of (p)ppGpp in 

our KH318 strain results in a non-banding phenotype with reduced motility (Figure 21). 

We conclude from this that (p)ppGpp is necessary for the banding pattern to form, and 

while we speculate that this is response to nutrient stress occurring by the slow migration 

of the banding cells, we have not been able to show that nutrient stress occurs.   

We attempted to relieve any potential nutrient stress by supplementing SMM-Na 

with nutrients that when limiting can trigger the stringent response (131). The addition 

of iron and SCFA affected the banding pattern. However, both iron and SCFA regulate 

flagella synthesis, making it unable for us to conclude if the alteration in the pattern 

resulted from increased or decreased flagellar synthesis or a change to the nutrient level 

of the plates. In iron limiting conditions YdiV and SlyD bind to Fur and alter the DNA 

binding ability, depressing iron acquisition genes (159). YdiV is upregulated under iron 

limiting conditions and can regulate FlhD4C2 by binding and preventing transcription of 

class II flagella operons and by targeting FlhD4C2 for degradation via ClpX (160). 

Acetate, butyrate, and propionate all upregulate flagella synthesis in Enterohemorrhagic 

E. coli (155).  

We provide preliminary data that pattern formation can be affected by addition of 

iron and acetate, butyrate, and propionate. Both iron and short chain fatty acids can 
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affect flagellar regulation, and further testing is needed to identify the mechanism that 

contributes to loss of band formation.  

Future directions 

We are currently testing the effect of the known regulators of LrhA, Lrp and 

RscB on pattern formation. RscB inhibits lrhA (138) in a ∆rscB strain we would 

anticipate higher levels of flhDC due to an increase in LrhA and possible regulation on 

flhDC. Therefore, we predict that a double ∆rscB ∆lrhA strain would have a reduction in 

motility. Lrp positively regulates LrhA (37), therefore we predict that a ∆lrp strain may 

band due to decrease in LrhA negative regulation on flhDC. We are testing the effect of 

loss of (p)ppGpp on the banding type 2 pattern formation using KH1193. First we need 

to test if the IS elements more that 500 base pairs away from flhD positively effect uspC 

expression, which can be tested with qPCR.  (p)PpGpp is known to positively regulate 

uspC (128). If the IS element increases uspC expression then we would predict no effect 

on pattern formation in a ∆RS strain, and that these mutations form bands independently 

of (p)ppGpp.  
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CHAPTER IV  

BOLO:RESTORATION OF DATA LOSS DURING ALIGNMENT OF CIRCULAR 

GENOMES 

 

Introduction  

Illumina-based sequencing is the dominant Next-Generation Sequencing (NGS) 

platform used for the analysis of whole genomes, in part because of the precipitous 

decrease in cost (161). The development of Next-Generation Sequencing (NGS) 

techniques, facilitated several discoveries in bacterial research, advancing the 

understanding of evolution (162) pathogenicity (163) and epidemiology (164). NGS has 

revolutionized the way biological research is conducted. Due to large increase in 

sequencing (161) the need for fully automated analysis is needed to handle the large 

amounts of data (165).  

Alignment algorithms have been designed to work with linear chromosomes and, 

as a consequence, the analysis of circular genomes poses a challenge for existing 

software. To use standard analysis programs the circular genome sequence needs to be 

transformed into an artificially linear sequence. This is done by introducing a cut site in 

the reference genome, we refer to this as the Genome Sequencing Origin (GSO). There 

is a systematic loss of data near the GSO. The data loss comes from the inability of 

mappers to correctly align sequencing reads that cross the GSO. Instead, these sequences 

are trimmed or altogether ignored, leading to lower quality signals in those regions. This 

can make finding variants in this region challenging. While effort was made to place the 
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GSO in innocuous regions, some were placed in locations of importance. For example, 

the GSO in mitochondrial genomes is placed in the hypervariable region (166). Although 

this region was seemingly inconsequential at the time of sequencing, it contains 

information on variants important to discovering humans' geographically heritage (167, 

168).  

While short-read sequencing has a higher accuracy and lower costs compared to 

long-read approaches. Benefits exist for sequencing using long-read platforms, such as 

identifying structural variants (169). Due to the long length of the reads this sequencing 

platform can correctly map over the GSO, and software programs have been developed 

to correctly circularize these reads (170–172).  However, due to the higher cost and 

lower accuracy of reads, Illumina remains the dominate platform for sequencing (161). 

While solutions exist for mapping across the GSO using short reads (172) what is 

lacking is an open-source program where read recovery is fully automated.  

Here we describe our software program Bolo, which is designed to recover read 

loss that occurs near the GSO and allow callers to identify variants in this region. Bolo is 

indifferent towards mapping and variant calling programs, making it compatible future 

software programs. Here we show that Bolo can recover read depth near the GSO, and 

correctly identify variants near the GSO in organisms with one or multiple circular 

chromosomes.   
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Figure 29. Workflow for Bolo. 
A) Reads that align to the GSO in a circular genome. Reads that are aligned are 
shown in black, reads that are unable to align due to proximity to the GSO are 
shown in grey. B) To linearize a circular genome the reference sequence is cut at 
the GSO. (C) Reads aligned to the original genome. For the rotated alignment the 
GSO is shifted length d (orange line) to the end of the genome, creating the A-GSO. 
D) Reads are aligned to the rotated genome and original genomes are shown in 
black. Reads that were previously unable to map are now mapped (green). E) 
Reads that map between d and w (blue line) are compared between the original 
alignment and the pair with the higher quality score is selected to move to the 
output file. Reads moved from the adjusted to the original file have the position 
changed to match the original file. F) Reads that are determined to cross the GSO 
are split and moved to the output file, correctly aligned to the beginning and end of 
the genome (green). 

 

Implementation 

To process these circular genomes, an artificial origin must be made in the 

reference sequence, effectively linearizing the circular genome. Reads that align near the 

GSO are lost, as not enough base pairs matched to the reference genome occur to allow 
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for a successful mapping (Figure 29).  Bolo recovers the resulting data loss near the 

GSO by rotating the reference genome, the user realigns the reads to the adjusted 

reference genome and Bolo then identifies and splits reads that cross the GSO. 

Bolo contains a two-part algorithm, one part rotates the reference genome, and 

the second splits reads that cross the GSO. The rotated genome is produced by 

advancing the GSO forward a set number of base pairs (d) to produce a reference 

genome with an adjusted genome sequencing origin (A-GSO). The length that the A-

GSO is advanced is recommended to be greater than the length of the reads to prevent 

the same reads from being lost when aligning to the rotated genome. The default for d is 

set to 1000. If the reference file contains multiple chromosomes the user may select the 

chromosomes to rotate using the “-p” option to either list chromosomes to rotate or the 

“-p all” option to rotate all chromosomes. Illumina reads aligned to both the rotated 

genome and the original genome serve as inputs for the second part of the Bolo 

algorithm (Figure 29 C and D). Bolo compares reads mapped to the rotated genome to 

the original genome within the total length of the genome minus d + w, where w is at 

minimum the length of the reads and ending at total length of the genome minus d 

(Figure 29 D). The value of w needs to be at a minimum the length of the read, however, 

if indels occur near the GSO, w must be long enough to allow for these additional base 

pairs, therefore the default is set to 1500. Reads that map between these two locations 

are assessed to select which read pair contains the higher MAPQ score. Whether a read 

crosses the GSO is determined using the mapping location. If the read from the rotated 

alignment does cross the GSO it is split into two read pairs. In the case of a singleton 
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read, the first N base pairs are paired with a zero-length read to complete pair A, and the 

last L-N base pairs of the singleton read are paired with a zero-length read to complete 

pair B (Figure 30, Table 7, case 1). When the GSO occurs in the first read of a pair the 

first N base pairs of the first read are paired with a zero-length read to complete pair A. 

The last L-N base pairs of the first read are paired with the second read to complete pair 

B (Figure 30, Table 7, case 2). When the GSO occurs N base pairs into the second read.  

The first read is paired with the first N base pairs of the second read to complete pair A. 

The last L-N base pairs of the second read are paired with a zero-length read to complete 

pair B (Figure 30, Table 7, case 3). If the GSO occurs in both reads, N1 base pairs into 

the first read and N2 base pairs into the second read. The first N1 base pairs of the first 

read and the first N2 base pairs of the second read are paired to complete pair A. The last 

L-N1 base pairs of the first read and the last L-N2 base pairs of the second read are 

paired to complete pair B (Figure 30, Table 7, case 4). If multiple chromosomes are 

being split the -p option can be used to list chromosomes or -p all will split reads at the 

GSO for all chromosomes. These split reads are combined with the remaining reads 

from the original alignment into the output bam file, which can then be processed further 

and used for variant calling.  
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Figure 30. Bolo splitting strategy dependent on read location to A-GSO. 
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Table 7. Read splitting strategy dependent on read location to the A-GSO. 
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Methods 

Read depth  

Reads from BW25113 sequenced (Chapter II) to an average coverage of approximately 

400 were down sampled using BBMap reformat.sh and varying sample rates were used 

to create the depths tested. Reads were aligned with Bowtie2 (v2.3.4.1) globally, and 

local alignments were done using the –local flag. For all Bowtie2 alignments default 

settings were used with the exception of distance between reads, which was set to a max 

of 3000 using flags –I 0 and –X 3000. Default settings were used for BWA MEM 

(v0.7.15) alignments, and for SAMtools (1.7) when sorting and indexing bam files. 

BCFtools (1.9) (using consensus caller flags -cv) and freebayes (v1.3.2) variant callers 

were used with ploidy set to 1. A bedfile or --region was used to call variants present in 

the first and last 500 base pairs. Positive variants were defined as those with at least 80% 

of reads containing the alternative allele.  

Table 8. Genomes used in Chapter IV. 

 

Variants 

 

To assess Bolo’s ability to identify different mutations, five different variants were made 

in the BW25113 reference file, downloaded January 2020 from NCBI. A single base pair 
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change was mimicked from changing the first base from a T to an A. To test a single 

base pair deletion a T was inserted at position 1 in the reference file, a 10 base pair 

deletion was evaluated by inserting the random sequence TGGGGACTGA before the 

first base pair of the reference genome. Single and 10 base pair deletions were emulated 

by deleting 1 and 10 base pairs, respectively, from the beginning of the reference file. To 

keep the sequence upstream and downstream of the variants constant and minimize 

changes in read depth, we introduced variants starting at position 1 in the reference 

genome. We then rotated the variant forward 1 base pair for each iteration to determine 

if callers were able to identify variants with and without Bolo. 

Downloaded Data 

Salmonella typhimurium (DRR079316), Arabidopsis thaliana (DRR001194) and Homo 

sapiens (SRR3560942) genomes were downloaded from the European Nucleotide 

Archive. To rotate both chromosomes of S. typhimurium, bolo was used with the “-p all” 

option. To rotate the chloroplast genomes from A. thaliana, the option -p 

NC_037304.1,NC_000932.1 was used.  

Software  

Bolo utilizes the SeqAn (2.0+) library (173).  
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Results  

Bolo recovers read depth  

Read depth reduction occurs most drastically near the GSO if aligners are unable 

to determine that reads crossing the GSO can map to both the beginning and end of the 

alignment. In a global alignment, portions of the reads that map to the other side of the 

GSO will be treated as gaps and the ability of the read to map is dependent on the 

severity of the gap. For example, a read that maps 60% to beginning of the genome 

(right of the GSO) will not map because 40% of the read cannot be mapped. While reads 

that map almost entirely to one side of the GSO are able to be mapped. The region that is 

unable to be mapped is treated like a gap, and the number of base pairs this can be and 

still result in a proper mapping is dependent on software programs and settings.  

In a local alignment 20 base pairs are first aligned and then extended to give the 

highest possible quality score. Local aligners allow trimming of the reads to produce the 

best quality scores, while global aligners have to map the entire read, this is predicted to 

result in global aligners having less reads map near the GSO. Aligning with BWA MEM  

(110)is predicted to result in the least amount of data loss because it permits read 

splitting, enabling both parts of the read to map to different locations in the genomes, 

including either side of the GSO. For the split reads the length of matches must be longer 

than the seed region to ensure the ability to map, as such BWA MEM resulted in the 

highest read depth of the aligners tested near the GSO (Figure 31). Read depth decrease 

near the GSO was quantified by down-sampling BW25113 wildtype reads to an average 

coverage of 100, and were aligned to the reference sequence using Bowtie2 (109)both 
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local and global aligners, as well as BWA MEM. Read depth decreased near the GSO 

for all three alignments (Figure 31). As expected, the most severe data loss occurred in 

the global alignment, and the least data loss occurred with BWA MEM. To validate that 

Bolo was able to recover reads mapped near the GSO, coverage near the GSO was 

compared pre- and post-bolo alignments (Figure 31). The range of recovery surrounding 

the GSO demonstrated dependence on read length. For reads 250 nucleotides in length 

aligned with a global aligner, the read depth increased 250 base pairs on either side of 

the GSO, while for reads with a nucleotide length of 150 read depth increased an 

average of 150 base pairs from the GSO (Figure 31). 

 

Figure 31. Bolo recovers read depth near GSO for multiple mappers. 
A) Read depth loss near the GSO for BWA MEM (grey), Bowtie2 local (red), 
Bowtie2 end to end (blue) and read depth recovered by Bolo (black). B) Read depth 
recovered for read length 150, aligned with BWA (black), and Bowtie2 global 
(grey). Average of three genomes normalized to the Bolo read depth. Error bars 
standard deviation C) Read depth recovered for read length 250 aligned with 
Bowtie2 global (grey), n=1. 
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Figure 32. Variants are correctly identified near GSO using Freebayes with Bolo 
Bolo (black) and without Bolo (grey). (A-C) BWA MEM aligner (D-F) Bowtie2 
global aligner. (A and D) Single base pair change from T to A. (B and E) Single 
base pair insertion, insertion of a T. (C and F) 10 base pair insertion, 
AGCTTTTCAT. 
 

 

Figure 33. Variants are correctly identified near GSO using BWA MEM with Bolo.  
Bolo (black) and without Bolo (grey). (A-C) BWA MEM aligner (D-F) Bowtie2 
global aligner. (A and D) Single base pair change from T to A. (B and E) Single 
base pair insertion, insertion of a T. (C and F) 10 base pair insertion, 
AGCTTTTCAT. 
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Using BCFtools (112) the base pair change can be identified at position 2 and 3 

with a low-quality score (Figure 33). At these positions, the variant distance base (VDB) 

is low. The callers can weigh the position of the variant, for example, mismatches at the 

end of a read are score more stringently because the end of the reads usually have a 

higher error rate. The VDB accounts for the location of the variant within the read. This 

suggests that proximity of the variant to the end of the read causes the low-quality score. 

Based on how the programs are constructed, Freebayes (113)is more accurate 

immediately on either side of the GSO.  

We tested the callers’ ability to identify single base pair insertions and deletions 

with and without Bolo. These variants were correctly identified with high quality scores 

by both callers at all positions tested (Figure 32, 32 B and E). Since the variants occur at 

position 1 the callers both call an insertion or deletion at position 1 when the insertion or 

deletion is in position 2. Freebayes contains a realigner designed to find small insertions 

and deletions, enabling this caller to find the variants sooner than BCFtools. Larger 

deletions and insertions had a similar pattern where use with Bolo was able to find the 

variants earlier than without Bolo, and using Bolo increased the read depth and quality 

scores of those variants when the variants were closer to the GSO (Figure 32,33, C,F) 

Overall, these findings demonstrate Bolo enables identification of variants 

including insertions, deletions, and single base pair mutations which would otherwise be 

lost using current genome analysis software.   
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Read depth needed to identify a variant 

 Bolo enables callers to find variants closer to the GSO as a result of the increase 

in read depth. To determine the maximum read depth for which Bolo is beneficial to the 

user, we used a set of reads sequenced originally to a depth of 400, and down sampled 

that set to depths of 200, 100, 50, and 25.  Using again both aligners and callers, we 

tested the effect of read depths on identification of the single base pair change variant. 

At an average depth of 25, Bolo was able to identify variants which were only called at a 

depth of 400 without Bolo. Increasing the average read depth resulted in an increase in 

BCFtools quality scores up to a depth of 50, past which Bolo did not alter the quality 

scores with BCFtools (Figure 34).  

 

 

Figure 34. Coverage needed to identify a variant. 
A) Down sampled reads aligned with Bowtie2 global and called with BCFtools. B) 
Down sampled reads aligned with Bowtie2 and called with freebayes. With Bolo 
(black), without Bolo (grey). 
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Bolo recovers read depth in multiple genomes  

 While nearly all organisms contain a circular chromosome, many contain 

multiple circular chromosomes, in the case of bacterial plasmids, and plastids and 

mitochondria in plants. To confirm that Bolo is able to recover read depth from multiple 

chromosomes, we compared coverage pre- and post-Bolo for Salmonella typhimurium 

LT2 which contains an approximate 100 kb plasmid. Read depth is recovered for both 

circular chromosomes with the use of Bolo (Figure 35). To test that Bolo splits reads of 

the circular chromosomes but not reads that cross the edges of linear chromosomes, we 

tested Arabidopsis thaliana which contains linear chromosomes and a mitochondria and 

chloroplast genomes. Reads were recovered for both circular chromosomes near the 

GSO, while the edges of the linear chromosomes were unaltered. The use of Bolo 

aligned many reads to the adjusted reference sequence near the GSO that in the original 

alignment had mapped to the linear chromosomes. Since Bolo selected the read pair with 

the higher MAPQ score this shows an additional benefit of Bolo to increase the accuracy 

of the alignment even in the linear chromosomes.  

 

Figure 35. Bolo recovers read depth for multiple chromosomes. 
A) Salmonella typhimurium LT2 aligned with Bowtie2 global. Read depth with Bolo 
shown in black (chromosome) and grey (plasmid) and without Bolo red 
(chromosome) and blue (plasmid). B) Reads mapped to the Arabidopsis thaliana 
mitochondria and C) chloroplast with Bolo (black) without Bolo (grey). 
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Discussion  

The use of Bolo can increase read depth for local and global aligners and 

enhances the split function of BWA MEM. Due to a decrease in read depth that occurs 

near the GSO callers are unable to correctly identify variants unless the organism has 

been sequenced to a high read depth (Figure 34). The ability to sequence to a lower 

depth and retain the ability to identify variants is provided by utilizing Bolo within a 

pipeline.  

We confirm that Bolo recovers read depth for both global and local aligners and 

enhances two popular callers BCFtools and Freebayes to correctly identify variants near 

the GSO. For variants near the GSO we have found BCFtools to be at a disadvantage 

due to accounting for the VDB.  Although it is known that Freebayes has a high false 

positive rate (174). However, both callers fail to identify single base pair insertions and 

deletions at the first position in the reference file due to the callers needing a base pair 

prior to the altered base. Manual examination of the alignment after Bolo can be done to 

quickly identify a mutation at position 1, but future work is needed to create or adapt 

callers to identify these variants.  

Bolo is designed to work with standard bam files, enabling it to be incorporated 

into current and future pipelines. Allowing for automation of short read genome 

sequencing, and increased data coverage for circular genomes.  
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CHAPTER V  

CONCLUSIONS 

The goal of this dissertation was to identify the causal genes responsible for band 

formation during growth on swim media (SMM-Na) at 37 °C. Here we find that 

mutations in lrhA or mutations distal to the start codon of flhD result in a banding pattern 

on SMM-Na. Several groups have reported an increased motility phenotype when IS 

elements disrupt the intergenic region between flhD and uspC (92–94). Here we show 

that the location of the IS element affects the motility phenotype. Insertions clustered 

near uspC occur in band forming strains, while mutations that are close to flhD form 

chemotaxis rings, as previously reported. The location of the IS element present in the 

flhD-uspC intergenic region should be accounted for when used for chemotaxis and 

motility studies.  

Pattern formation is dependent on the presence of flagella. At 30 °C, a permissive 

temperature for flagellar synthesis, wild type E. coli will band on SMM-Na, but is non-

motile at 37 °C, this is likely due to a lack of flagellar synthesis. We identified two 

mutations are predicted to increase flagellar synthesis and form bands at 37 °C. Strains 

that migrate faster than the banding strains form chemotaxis rings instead of bands, 

which we hypothesize is due to increased flagellar synthesis. Alternatively, faster 

migration in swim agar can be accomplished by increasing tumbling frequency which 

free cells from agar. Cells that have a faster migration rate have a longer doubling time 

(126).  
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We have shown that the global regulator (p)ppGpp, which is activated under 

nutrient stress, is essential for banding formation in KH318 (∆lrhA). The ∆RS ∆lrhA 

strain has a reduction in swim diameter and fails to form bands. Mutations in RNA 

polymerase can return a banding phenotype to KH318, and similar suppressor mutations 

have been previously identified to suppress a ∆RS phenotype (129). We hypothesis that 

(p)ppGpp responding to a sensing stress is required for the increased swim diameter in 

our KH318 strain. We have not yet tested whether (p)ppGpp is also necessary for band 

formation in KH1193. Although (p)ppGpp can induce expression of uspC, the location 

of the IS elements clustered near uspC could potentially increase expression of uspC in a 

(p)ppGpp independent manner.  

In both E. coli and Proteus, (p)ppGpp accumulation has been shown to inhibit 

flhDC (62, 133, 134). However, there is conflicting evidence in E. coli that shows that 

(p)ppGpp is necessary for flagellar production on LB swim plates (132). Likewise, in P. 

aeruginosa, (p)ppGpp synthesis is required for swarming (175). Synthesis of (p)ppGpp 

is also needed for accumulation of Lrp (149), which can directly regulate lrhA 

expression (37). Lrp contributes to repression of flagellar genes in liquid culture with 

rich media, while causing a slight upregulation in minimal media. The proposed 

mechanism is that under nutrient rich conditions, cells will repress motility to stay in an 

environment conducive for rapid growth, and when challenged with nutrient limitation, 

will move to find a better niche (37). This is in contrast to another hypothesis that due to 

the high energy cost of synthesizing flagella, cells under nutrient limitation will conserve 

resources by not making flagella. In the banding pattern, we can speculate that both 
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hypotheses may be correct. The requirement of (p)ppGpp suggests that cells are moving 

under stress conditions to find a better environment, but cells behind the swim fronts are 

non-motile. The switch from motile to non-motile in the progenitors located behind 

migrations front have been proposed to be in response to nutrient level depletion (68, 

104).  

We propose a model where cells inoculated in the center of the plate grow and 

divide rapidly depleting the local nutrients. In conditions permissive for flagella 

synthesis motile cells will migrate from the inoculation center. The migration speed is 

regulated by cells growth and chemotaxis. As cells migrate they deplete the nutrient 

level below a threshold that causes a switch from motile to non-motile cells. The non-

motile cells form a stable band. Motile cells emerge from the band and repeat the cycle  

 

Figure 36. Proposed model of band formation. 
A) Cells inoculated in the center of the plate grow rapidly and begin to consume 
nutrient (represented by a blue gradient) B) After a period of time motile cells leave 
the inoculation center and migrate in accordance to chemoeffectors present in the 
plate. C) As cells migrate they deplete the nutrient level below a threshold and 
switch from motile to non-motile cells. D) This cycle is repeated and forms a bull’s 
eye pattern.   
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The stress that (p)ppGpp is sensing in SMM-Na is still unknown. While we 

provide preliminary data supplementation with 10mM ferrous sulfate did slow the 

expansion of the chemotaxis strain, while returning the banding strains to a non-motile 

wild type state. During swarming in P. aeruginosa, cells behind the swarm front increase 

expression of siderophores that accumulate iron in the cell (84). Mutations in the E. coli 

siderophore enterobactin (Ent) or in the transport system that moves Ent bound with iron 

back into the cytoplasm cause swarm defects in E. coli (153). It is possible that iron 

becomes limiting behind the swim front as the cells on the edge of the swim front uptake 

iron from the media. However, this requires further confirmation.  

The addition of 20 mM short chain fatty acids (SCFA) causes a non-banding but 

motile phenotype. The addition of SCFA can affect flagellar synthesis in addition to, 

feeding into central metabolism (156, 176). It is unknown which process is contributing 

to the loss of banding with the addition of SCFA. The addition of sodium pyruvate to 

SMM-Na alters the banding pattern, suggesting that changes to central metabolism can 

affect banding. Supplementation with 100mM of each sodium acetate, butyrate, and 

propionate all induce banding in wild type strains at 37 °C, supporting that SCFA alter 

flagellar expression.  

We propose an advantage that the strains that can band migrate at different rates. 

We propose this as a way for multiple strains to cohabitate in the same region. The 

different banding types have varying migration rates, where KH707 (banding type 2) 

moves faster that KH318 (banding type 1). Both strains migrate slower than KH1220 

which does not form bands but chemotaxis rings on SMM-Na. Faster migration in swim 
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agar can be due to cells that increase their tumble frequency and decrease their run time 

(91, 126). This is opposite of how faster migration occurs in liquid conditions where 

cells increase their runtime and suppress tumbling (95). This can be explained by the 

presence of the agar matrix that can trap cells, cells that tumble more frequently can free 

themselves from the agar and spend more time moving. We have yet to perform single 

cell tracking on our banding strains to test if they have an altered tumbling frequency or 

run time.  

The different banding strains seem to utilize different chemoreceptors. In KH318 

deletions of tsr and tap, formed a non-banding and a non-motile phenotype 

respectively.  While the same phenotype existed for deletion of tsr, tap in KH707 the 

deletion of tar resulted in a non-banding phenotype. The deletion of tar in KH318 

produces wider bands. We see that the deletion of tar, or growth on maltose gives us the 

same pattern for Kh318. Tar is able to sense maltose and also aspartate. The addition of 

maltose could affect Tar activity, although it is unknown if this occurs by saturation of 

the Tar receptor making it unable to sense a gradient or changes to the run and tumble 

frequencies.  

Pattern formation in both strains is dependent on a functional Tsr receptor, which 

senses serine, although the addition of serine has slightly different effects on KH318 and 

KH707. In the KH707 strain, we see an intense band at the edge of the swim front that is 

also seen in the KH1220 strain. This allows us to propose that the addition of serine 

alters the migration speed of the cells by changing the serine gradient.  
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In both strains, the loss of tap resulted in a non-motile phenotype, suggesting that 

strains move forward by sensing dipeptides. However, these strains also contained IS 

elements disrupting rhsD. Experiments are needed to determine if the non-functional 

rhsD or dipeptide sensing is important for band formation.  

Evolution experiments in Liu et al., found that repeatedly selecting for cells on 

swim plates that different distances from the inoculation center resulted in strains that 

had evolved to swim to that distance. These strains were able to cohabitate together 

when competing against each other. Cells evolved on swim plates that did not contain 

chemoattractants always increased their expansion rate and did not evolve to migrate to a 

set distance (103). We propose that chemotaxis plays a commanding role in this process 

to direct cells to evolve to use resources not already consumed by faster migrating cells.  

During the course of this dissertation, we routinely whole-genome sequenced 

strains to identify mutations. In making the analysis of the genome sequences more 

complete we created a program and automates read recovery at the Genome Sequencing 

Origin (GSO). This allows us to include the reads on either side of the GSO in our 

analysis. While others have created programs similar to ours, ours provides a fully 

automated and open source program that can be easily added to current analysis 

pipelines.  

Future directions  

 
We still lack a complete gene regulatory network, linking (p)ppGpp, lrhA and 

uspC. Although we propose a link between (p)ppGpp and lrhA involving Lrp. It is not 

clear if ∆lrhA and IS5 -510 flhD (KH707/KH1193) are in the same pathway or represent 



 

 

 

107 

two distinct pathways for pattern formation. We see several differences in the motility 

phenotypes between the two strains including response to loss of chemoreceptors, 

pattern formation in the presence of serine and maltose, and the motility response in the 

presence of short chain fatty acids. We hypothesize that deletion of lrhA in the KH1193 

strain will have an additive effect on the migration rate. We propose this based on the 

observation that non-banding outgrowths always occur in our KH318 strain after 

incubation on SMM-Na, which appear to have an increased expansion rate and occur 

when IS elements insert in the flhD-uspC intergenic region. (p)PpGpp has been shown to 

upregulate uspC therefore, we are testing the effect of a ∆RS strain now in the KH1193 

background. We predict that the location of the IS element may be a way to cause 

banding in a (p)ppGpp-independent fashion.  

We lack confirmation of what makes the banding strains motile in SMM-Na at 

37 °C. We propose to use electron microscopy to quantify flagellar numbers in banding 

strains compared to BW25113. We propose to measure tumbling rate and swimming 

speed, using single cell tracking and cell tethering assays. We propose to quantify 

flagellar number, swimming speed, and tumbling frequency in the banding strains 

KH318 and KH1193 but compared to the chemotaxis strain KH1220 and parental 

BW25113 in the presence of aspartate, maltose, serine, and at 37 °C and 30 °C.   

While ∆uspC strains have been reported as unable to produce flagella, how uspC 

modulates flagellar synthesis has not been yet discovered. We have identified that 

motile, but non-banding outgrowths form in the ∆uspC strain. Whole-genome 

sequencing these strains could identify the role of uspC in flagellar regulation. To 
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determine if IS elements in the flhD-uspC intergenic region affect expression of flhD, 

uspC, or both due to topographically changes to the intergenic region. We propose to 

express the intergenic region containing IS elements from KH1220 and KH1193 along 

with the protein coding region of flhD or uspC. These would be expressed in either a 

∆flhD and ∆uspC respectively. We anticipate the intergenic region from the uspC start 

codon through flhD containing an IS -320 (KH1220) will form chemotaxis rings when 

expressed in a ∆flhD strain, while the construct containing the IS -510 will be non-

motile. While the construct from flhD start codon through the protein coding region of 

uspC containing the IS -510 expressed in a ∆uspC strain will result in a banding pattern, 

while the IS -320 will be non-motile. It is plausible that due to disruption of the topology 

of intergenic region that both the IS elements affect expression of both genes. 

Expression changes can be measured using qPCR with the above constructs and strains.  

In addition to the strains utilized for experiments in this dissertation, we have 

uncovered a number of banding strains in Keio mutant strains. Several of these strains 

have the ability to modify the pattern. Such as ∆cyoD, (KH869) where the bands are 

only apparent if held in the right lighting. The gene that contributes to this phenotype is 

not known; banding is likely caused by the presence of an IS5 element -512 base pairs 

from flhD. This strain also contains a T-C base pair change 6 nucleotides from the kgtP 

start codon (rrlG-kgtP), and an IS30 element that disrupts mhpT. It is unknown what 

background mutation modifies the banding phenotype. cyoD is a subunit of the 

cytochrome BO oxidase, which is the oxidase used during growth under aerobic 

conditions (177). While kgtP is an alpha-ketoglutarate permease (178). These mutations 
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suggest that bands may require aerobic growth conditions to form bands. We propose 

looking at band formation during microaerobic and aerobic conditions to test if band 

formation is altered. 

 
Figure 37. Motility phenotype is altered in a ∆cyoD mutant. 
SMM-Na plates were incubated at 37 °C for 14 hours A) KH869 B) KH1193 
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APPENDIX A 

UNDERSTANDING THE ROLE OF THE TRK SYSTEM DURING PATTERN 

FORMATION 

Introduction 

Ion channels have been studied extensively in eukaryotic cells. However, the role 

for ion channels in bacterial physiology is an emerging field (179). In E. coli, several 

mechanosensitive non-selective channels have been characterized: mscL, mscS, mscM, 

and mscK (180, 181). MscL, MscS, MscM open in response to osmotic shock, and MscK 

opens under high extracellular potassium (180, 181) The only E. coli potassium-selective 

channel, kch, has been proposed to regulate membrane potential, but conclusive 

evidence has not been yet identified (179). In B. subtilis however, YugO a K+ selective 

channel, regulates long range electrical signaling mediated by nutrient stress (179, 182). 

The Trk system is previously identified as a transporter of K+,(183)but has since been 

discovered as an non-selective channel TrkH (184). The opening of the Trk channels 

causes an alteration in membrane potential (185). Membrane potential is important for 

several processes in bacteria, including flagellar rotation, where protons are pumped 

through MotA and MotB to rotate the flagella (186). Here we investigated the role that 

the non-selective channels of the Trk system play in motility of E. coli.  

The Trk system made of two ion channels TrkG and TrkH, these are regulated by 

TrkA, which is assisted in attaching to the channels with TrkE (183, 187, 188) TrkA is 

an RCK (regulator of potassium conductance) that is attached to TrkH or TrkG to 
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regulate the flow of ions (183, 185, 187, 188). In Vibrio parahaemolyticus only 

components of the Trk system are constrained to TrkH and TrkA, the loss of TrkA 

results in TrkH opening much more frequently (188). The Trk system can help the cells 

maintain turgor, by accumulating K+ under osmotic stress (189–191). Many other 

systems in bacteria are affected by the Trk system, inducing Type III secretion in 

Salmonella (192, 193) proton motive force (192, 194) and membrane potential (185).  

Results and Discussion 

At the beginning of this dissertation project we observed a unique pattern for strains 

containing ∆trkA, in that strains were unable to band on SMM-Na but would readily 

form band on SMM-K (Figure 38). We created a ∆Trk ∆lrhA mutant strain that lacked 

all components of the Trk system. This failed to return a banding pattern on SMM-Na, 

while at the time we concluded that TrkA could have additional regulatory roles besides 

the Trk system. We later serendipitously discovered that the TrkA phenotype was 

dependent on the bottle of yeast extract. With a bottle of the same Lot number of yeast 

extract bands could easily be observed in the ∆trkA strains. Great care was taken to 

ensure that experiments presented in this dissertation are not due to a containment of 
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present in the earlier studies. 

Figure 38. Deletion of trkA has a unique motility phenotype and exhibits banding 
only in SMM-K. 
Experiment preformed 11/2017 Motility phenotypes of ion channel mutants in 
SMM-K and SMM-Na media. A-E) SMM-K media, I-J) SMM-Na media. A,I) KH6 
(BW25113); B,G);  KH318 (BW25113 ∆lrhA::FRT); C,H) KH10 (BW25113 
∆kch::Kan ubiHV223G lrhA198::IS5 A to G upstream yciV);  D,I) KH1 (BW25113 
∆trkA::FRT lrhA670::IS1 yeeJT552I cyoD104 Del);   E-J) KH49 (BW25113 
∆trkA::Kan) 
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Figure 39. Deletion of trkA exhibits banding in both SMM-Na and SMM-K. 
Experiment preformed 2/2021. 
 Motility phenotypes of ion channel mutants in SMM-K and SMM-Na media. A-E) 
SMM-K media, I-J) SMM-Na media. A,I) KH6 (BW25113); B,G);  KH318 
(BW25113 ∆lrhA::FRT); C,H) KH10 (BW25113 ∆kch::Kan ubiHV223G lrhA198::IS5 
A to G upstream yciV);  D,I) KH1 (BW25113 ∆trkA::FRT lrhA670::IS1 yeeJT552I 
cyoD104 Del);   E-J) KH49 (BW25113 ∆trkA::Kan) 
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APPENDIX B 

TIME-LAPSE MOVIES

The following movie files accompany the dissertation as separate files. 

KH318_MOVIE_37 °C_SMM-NA 

KH707_MOVIE_37°C_SMM-NA 

KH1220_MOVIE_37°C_SMM-NA  




