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ABSTRACT 

 
From human teeth to small pebbles in a river bed, biofilms have been found to inhabit nearly 

every surface imaginable in today’s world. Biofilms can be thought of as highly intricate 

microbial communities in which various bacteria adhere to a solid and thrive under certain 

conditions. These complex systems undertake a dualistic nature. On the negative side, biofilms 

can lead to infections within the human body. Conversely, they possess many industrial 

advantages within wastewater treatment and oil spill cleanup. The overarching desire is to 

understand the genetic basis of biofilms in order to quell their negative effects and subsequently 

promote their beneficial characteristics. As a starting point, it is essential to understand bacterial 

toxin-antitoxin systems as they relate to individual cell physiology within the bacteria of interest, 

E. coli K12 MG1655. The newly discovered type V toxin-antitoxin system serves as the basis for 

this research as a protein antitoxin is seen to inhibit the toxin by cleaving its mRNA. Further 

interest lies within the toxin motility quorum sensing regulator (MqsR) as it inhibits protein 

synthesis through mRNA degradation at preferred guanine-cytosine-uracil (GCU) locations. 

Each of the 4501genes of E. coli were analyzed and the corresponding number of GCU sites for 

each were documented. Those genes that exhibited either zero, one or two cleavage sites were 

given special attention as they may shed important light on the ability of MqsR to increase 

antibiotic persistence. These seemingly important genes were analyzed through the technique of 

persistence assays.  
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CHAPTER 1: RESEARCH BEGINNINGS 

INTRODUCTION & LITERATURE REVIEW 

 Revisiting the starker side of bacterial communities and their negative effects on human 

life, the bacteria comprising the biofilm work in concert with one another making them highly 

resistant to antibiotic treatment, a concept called persistence. Persister cells are the few bacteria 

that withstand antibiotic treatment without undergoing any recognizable genetic change
1
. As the 

antibiotic runs its course, the select few cells withstand the wave by becoming metabolically 

dormant. Once the treatment has passed, these persister cells are able to spring back up and 

continue causing havoc to the patient. It is important to note the distinction made when detailing 

persistence as opposed to resistant cells. Resistant cells are those that grow in the presence of 

antibiotics, while persister cells do not and are tolerant to antibiotics
2
.  

 A phenomenon called quorum sensing is at work within these microbial communities, 

with the toxin motility quorum sensing regulator (MqsR) being of high interest for this study. 

This sensing can be thought of as cell to cell communication that is a transferal of chemical 

signals and gives these cells an idea about the surrounding environment’s conditions
3
. It comes 

as no surprise that quorum sensing plays a key role in persistence. The timeline for metabolic 

dormancy (and subsequent toxin attack) is a carefully mediated process between cells through 

these chemical signals.  

 The central dogma of molecular biology dictates the flow of genetic information within 

cells as going from DNA to RNA (through transcription) and finally to protein (through 

translation). Toxins function by interfering with this process by targeting the intermediate 

product, RNA and as a result bringing on metabolic dormancy to the cells which is a key 
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component of persistence. As is common in nature, for every toxin that exists there is often a 

complementary antitoxin in contest with it. The pair forms toxin-antitoxin systems which are 

found in all bacteria and give a better understanding to the cell’s physiology especially during 

times of persister cell formation. Previous work has outlined four toxin-antitoxin systems at play 

in bacteria, each detailing a different way in which antitoxins try to combat the vicious attacks of 

their counterpart toxins
4
.  

 

Table 1-1. Previously identified toxin/antitoxin (TA) systems 

As is apparent, none of the aforementioned four systems target the heart of the central dogma 

that is the RNA stage, rather, they are concerned with the translation step and targeting the 

toxin’s protein. A newly discovered “Type V” TA system has recently been discovered as the 

only one that cleaves toxin mRNA and serves as the basis for this research within the bacterium, 

E. coli
5
.  

 The protein YjdO which has since been renamed to GhoT is a protein within E. coli that 

damages the membranes of cells as a lytic protein and increases persistence. GhoT’s counterpart 

has been identified as YjdK (renamed GhoS). Antitoxin GhoS has been found to limit GhoT 

toxicity by cleaving the protein’s mRNA. The previously mentioned, regulator, MqsR is 

intricately involved with the aforementioned TA system as it degrades mRNA specifically at 

GCU sites in the transcript. Interestingly enough, MqsR was found to cleave transcripts of 

Type Classification

I antitoxin RNA prevents the translation of toxin RNA

II antitoxin protein binds and inhibits the toxin protein 

III antitoxin RNA binds and inhibits the protein toxin

IV protein antitoxin interferes with binding of the toxin to its target 
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antitoxin GhoS, which led to the activation of its toxin counterpart, GhoT (does not contain the 

preferred GCU cleavage site as seen in figure 1-1)
5
.  

 

Figure 1-1. Predicted Secondary structure of GhoT with no GCT sites 

This toxin activation led to an increase in persister cell formation. To further chase this finding, 

an initial testing of fourteen separate transcripts that lack GCU sites from the E. coli genome 

were examined in order to evaluate MqsR’s ability to increase persistence
6
. As a result, 

researchers removed or “knocked out” each of the fourteen genes and overproduced MqsR in 

these strains
5
. The results showed that deleting these singular genes from E. coli significantly 

reduced MqsR-mediated persistence.  
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MOTIVATIONS FOR CURRENT STUDY 

 The previous work serves as the perfect backdrop for further work as only a small 

fraction (14 genes) of the large E. coli genome (4501 genes) has been examined 
5
. This study 

aims to carefully comb the remainder of the genome and identify the sequences that have 

minimal GCU sites and see whether or not they exhibit the same behavior as GhoT when 

exposed to MqsR.  

 RNA transcripts within the bacterium span a broad spectrum of lengths. Some genes may 

be only a few hundred nucleotides long while others could number into the thousands
7
. In order 

to achieve a minimum free energy, the single stranded RNA often folds into secondary structures 

through hydrogen bonds between its base pairs. These secondary structures can take on many 

forms such as helices, loops, bulges, or loops
8
. A developed hypothesis suggests that when these 

strands form elaborate secondary structures, the sections that are stabilized by hydrogen bonds 

are “masked” from MqsR cleavage. It is believed, therefore, any GCU site that is tied up in one 

of the aforementioned secondary structures, will behave like a gene with zero GCU sites and will 

not be cleaved by MqsR, hence leading to an increase in persistence. As a result, genes that have 

one or two GCU sites will be examined and their secondary structure will be modeled using an 

algorithmic online program entitled, PknotsRG. 

 Capable of handling up to 800 base pairs, Pknots is a useful prediction tool for folding 

RNA secondary structures
9
. Pknots differs from its counterparts in the sense that its algorithmic 

approach takes into account the pseudoknot structure, when folding. Inherent to this structure is 

the presence of two stem loops in which half of one stem is placed between the halves of another 

stem (Figure 1-2)
10

.  
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Figure 1-2. Diagram of a pseudoknot structure appearing in RNA.  

As is evident, the pseudoknot structure is very important to consider as it shows the single 

stranded RNA base pairing with its complementary counterparts to form a more stable structure 

that minimizes free energy. The PknotsRG software was applied to this research and those 

foldings which suggest the GCU sequence is intertwined and double stranded were analyzed 

alongside the other, zero GCU genes.  

 Once the online software yielded plausible secondary structures for research, it was time 

to obtain them from a genome database for testing purposes. The Keio knockout collection for E. 

coli is a database of 3985 genes that contain a set of single gene, knockout mutants
11

. The 

fourteen genes that lacked a GCU site were used to analyze MqsR’s effects were taken from this 

compilation to draw conclusions about persistence when the genes were not present, or knocked 

out. The same approach and collection was used for the suitable candidates as predicted by the 

folding software. The selected knockout genes tested allowed for conclusions to be drawn about 

the importance of these genes when they are indeed intact in the complete genome.  
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CHAPTER 2: EXPERIMENTAL UNDERTAKINGS 

EXPERIMENTAL METHODS: BIOINFORMATICS 

 Often described as a conglomerate of disciplines spanning computer science, engineering, 

and mathematics, bioinformatics has quickly become an important course of study in recent 

years. Bioinformatics is the field of science that algorithmically unearths biological data that has 

been made available through the use of computers. This is where the initial phase for research 

began rooted in the various E. coli databases online. The goal was to uncover genes that had 

minimal (1 or 2) GCU sequences whose secondary structure may occlude them from being 

cleaved by MqsR. 

 A comprehensive detailing of all 4501 genes and their respective number of GCU sites 

had yet to be performed in previous studies. The website, Ecogene.org, provides the entire 

genome of E. coli K12 MG1655. The given gene name is also listed along with the complete 

nucleotide sequence
12

. Every single one of the genes was downloaded and their sequences 

analyzed. A simple search function yielded the amount of times GCT showed up in the gene’s 

sequence (Note: the terms GCU and GCT can be used interchangeably as they simply correspond 

to the gene’s RNA and DNA sequence, respectively). All findings were placed in an accessible 

database which allows the user to simply search for the gene name and will detail the 

corresponding number of GCT sites. Results spanned a broad range as there were some lengthy 

genes identified that had nearly 70-80 GCT sites present. The search yielded very interesting 

findings that bolstered related work. Wang et. al. had previously identified fourteen E. coli 

transcripts that lacked GCU sites. The comprehensive bioinformatics analysis actually showed 

76 sequences which did not contain the aforementioned site; many more than what was 

previously identified. Furthermore, one gene out of the fourteen (ygaQ) actually was found to 
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contain 17 GCU sites, not zero as identified by the researchers. Interestingly, only a singular 

gene (outside of the original fourteen already studied) was found to exist within the Keio 

collection needed for testing on persistence. It is highly possible that since the majority of these 

76 genes were shorter transcripts, they were too insignificant for the collection and were not 

included. Seeing that none of the newly discovered zero GCU site genes showed up in the Keio 

collection and therefore could not be used for experimentation, the search was increased to 

unearthing the genes that had a singular GCU site.  

 According to the bioinformatics performed, there were 113 genes that had one GCU site. 

Of these candidates, only 50 were found to be contained within the Keio collection. The decision 

was made to model all one GCU site genes using the PknotsRG software and as a first step, 

identify candidates that contained a GCU site that was not masked by its secondary structure 

hence made it susceptible to MqsR attack. These few genes identified will serve as a control 

group as it is suspected that they will be degraded by the aforementioned toxin and not lead to an 

increase in persistence.  

 Pknots modeling identified six genes that showed an unprotected GCT site in its 

secondary structure (glgS, ogrK, tdcR, yaiZ, ydfZ, yggL).  
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Figure 2-1. Secondary structure of glgS with its GCT site identified 

 

 

 

 

Location of GCT 

site in glgS 
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Figure 2-2. Secondary structure of ogrK with its GCT site identified 

Location of GCT 

site in ogrK 
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Figure 2-3. Secondary structure of tdcR with its GCT site identified 

 

 

 

 

 

Location of GCT 

site in tdcR 
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Figure 2-4. Secondary structure of yaiZ with its GCT site identified 

 

 

 

 

 

Figure 2-5. Secondary structure of ydfZ with its GCT site identified 

 

Location of GCT 

site in yaiZ 

Location of GCT 

site in ydfZ 
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Figure 2-6. Secondary structure of yggL with its GCT site identified 

 

 

 

 

 

 

Location of GCT 

site in yggL 
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EXPERIMENTAL METHODS: PERSISTENCE ASSAYS 

 Any molecular biology laboratory often makes use of a particular assay in order to 

quantitatively measure a phenotype of interest. The six genes that were identified as having 

susceptible GCT sites were studied using persistence assays. Inherent to this assay is selecting 

genes from the Keio collection that have the gene of interest knocked out. As a result, the main 

conclusion that can often be drawn from a persistence assay is that if a certain knockout gene is 

found to show an increase in persistence, then when this gene is intact in the bacterial genome it 

may lower persistence. The converse holds true as well: If a knockout gene shows a decrease in 

persistence, then when the gene is found in the genome, then it may be important to higher 

persistence. These assays can serve as a good starting point for further studies to eventually draw 

distinct conclusions on the gene’s role with regards to persistence.  

 With the goal of running the persistence assay, the knockout genes from the Keio 

collection had to be obtained and grown in appropriate conditions to begin experimentation. All 

six strains with the genes deleted were taken from the collection and streaked on Luria-Bertani 

(LB) agar plates made on petri dishes (Figure 2-7)
13

.  

 

 

 

 

 

 

 

Figure 2-7. Agar plate used for cell colony growth 
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 Once fully streaked, the plates were placed in an incubator to allow cells to grow at 37 
o
C 

which is determined to be the optimum growth temperature for the E. coli bacterium. Following 

overnight growth, the plates were removed and a multitude of colonies were present. 

Observations indicated that each of the plates was littered with colonies with each colony 

containing a number of cells. The cells on these plates were only viable for a limited amount of 

time (two days maximum) and hence had to be harvested and stored for future use and 

experiments. In order to preserve the integrity of the cells, a colony can be picked and immersed 

in LB liquid media and glycerol, frozen to a temperature of -80 
o
C, and housed in a freezer for 

future use in persistence assays. These are commonly known as glycerol stocks and are 

important to maintaining the long term storage of the gene
14

.  

 To accomplish this, 25 mL of LB media was put into six separate flasks along with 25 µL 

of Kanamycin antibiotic (50 mg/mol stock solution). As bacteria grow, there are always 

possibilities of mutations occurring in the DNA sequence. Every time a cell multiplies, there are 

more chances for mutations and standardization of testing decreases. Antibiotics, such as 

Kanamycin are used to eliminate any unwanted, mutated cells that do not possess the correct 

strain wanted for testing. The desirable cells withstand the antibiotic and are isolated. Following 

addition, a wire loop was sterilized with a Bunsen burner flame and cooled. A singular colony 

was picked from the overnight agar plates with the loop and immediately immersed in the liquid 

broth of media. The loop was swirled to ensure the proper transfer of the colony. Once this was 

accomplished for all six genes, the flasks were put in an incubator shaker at 250 RPM, 37 
o
C, for 

16 hours of growth. The following day, one mL of the culture was transferred to vials containing 

glycerol. The newly formed solutions were vortexed (mixed) and then placed in the -80 
o
C 

freezer. 
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 With the glycerol stocks available for use, it came time to run the persistence assay 

experiment. The total process takes four days with each day requiring time sensitive steps that 

allow for proper cell growth to be used for the experiment. On the first day, the gene of interest 

that will be tested is isolated and its glycerol stock is removed from the freezer. Whenever a 

single gene knock out strain is being tested (like one of the six detailed above), it is always 

important to also test a standard in which results can be compared to. This standard also has its 

own glycerol stock and is commonly known as Wild Type (WT). Wild type refers to the 

naturally occurring genetic composition of an organism without any changes to its makeup
15

. In 

the case of E. coli, this refers to an organism with its complete genome intact rather than having 

one of its genes being knocked out. With the sample and WT standard removed from its cold 

environment, a sterilizing wire loop is passed under a hot flame, cooled, and then carefully 

touched on the surface of the glycerol vials. The small contact between the loop and the stock is 

enough to transfer ample amounts of colonies onto its surface. Immediately following this, the 

loop is smeared across an LB agar plate. The plate is completely streaked with the gene of 

interest and then covered. The same procedure is repeated for the WT standard. Both plates are 

then placed in an incubator oven at 37 
o
C for a time period of ~24 hours.  

 

 

 

 

 

 

Figure 2-8. Hand drawn picture of glycerol stock, wire loop, and proper streak technique 
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 The following day, the cultures had to be inoculated and its procedure mimics the 

glycerol stock preparation with some key differences. The inoculation step on the second day of 

experimentation meant that the researcher had to prepare the samples in the proper liquid media 

for ample cell growth. The plates from the previous day were removed from the incubator and 

numerous colonies were observed on the surface at the locations where the wand streaked over. 

After removal, 25 mL of LB media was drawn into flasks. The general guideline followed was to 

have two flasks per each strain tested for comparison purposes. In addition to the LB media, the 

antibiotic Kanamycin was added to achieve a final concentration of 50 µg/mL. Seeing that the 

numerous colonies on the agar plates represented an identical compilation of cells, any one of 

these could be picked for the experiment. With the sterilizing loop, a singular colony was picked 

and swirled in the liquid media. Once the colony transfer was complete, the flasks were labeled 

and placed in the incubator shaker at 250 RPM, 37 
o
C, for 16 hours of growth. 

 The third day was the most important as the actual persistence assay was performed at 

this time. Following the 16 hours of growth, the flasks were removed from the shaker and 25 µL 

from these were removed through a pipet and placed into new flasks of fresh LB media (25 mL). 

The new flasks were placed in the shaker for an additional three hours of growth. The refreshing 

of the media allowed for the samples to reach the desired period of rapid growth or commonly 

referred to as the exponential phase. In order to accurately study the E. coli physiology, 

experiments are often conducted during this growth phase
16

. The exponential phase is described 

as the rapid division phase as cells have the proteins they already need from the media and divide 

under the least amount of metabolic stress. There are seemingly unlimited amount of nutrients 

available. As resources become used up, growth rates often plateau as metabolites are less 

readily available. This can be described as the stationary phase. After the three hours of 
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additional growing time, in order for the experiment to begin, samples had to have a uniform cell 

density when running the assay. This allows for a standardization of samples and limits the 

amount of variability between trials. Cell density is often quantified using absorbance through a 

device called a fluorometer. By inserting a one mL sample into the machine, an optical density 

reading at 600 nanometers (OD600) is produced which ranges anywhere from a value of 0 to 1.  

 The ideal testing conditions for the persistence assay call for an OD600 measurement of 

0.8. It is important to note that this number is specific to the type of media the assay is conducted 

in. Once a sample has reached this threshold, an additional 1 mL is removed and placed in a 

centrifuge tube for later. Furthermore, this OD measurement signals the time for antibiotic 

introduction. The underlying premise that was being studied is the fact that cells that survive 

after antibiotics are called persisters. By taking a before and after snapshot of those cells, it will 

shed some light on persistence in the various E. coli strains. 

 The two antibiotics used in this experiment were Ampicillin and Ciprofloxacin. In 

general, there are often two classes of antibiotics used: bacteriostatic and bactericidal. 

Bacteriostatic are often thought of as bacteria inhibiting drugs, while bactericidal leads to cell 

death. The two aforementioned antibiotics are bactericidal drugs. These are the best choices 

when trying to measure persistence and comparing the cells that survived to the ones that died.        

 Whatever the remaining volume of the flask is dictates the amount of antibiotic added to 

the samples. The general rule was to follow a thousand fold addition for the Ampicillin (If flask 

volume equals 22 mL, then add 22 µL of antibiotic). After introduction, the antibiotic ran its 

course for three hours as all flasks were in the shaker. During this time, the 1 mL samples that 

were removed in centrifuge tubes before being impacted by antibiotics were isolated and tested. 

For each strain that was removed, seven additional centrifuge tubes were laid out (Figure 2-9).  
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Figure 2-9. Serial dilution being carried out in microfuge tubes.  

 Each of the remaining tubes was filled with 900 µL of 0.85% NaCl solution. The 1 mL 

tube containing the sample immersed in the liquid LB was placed in the centrifuge machine at 

13,000 RPM for one minute to allow the individual cells to settle at the bottom. The supernatant 

LB layer was then discarded and the remaining cluster of cells was refreshed with 0.85% NaCl 

solution.  

 A serial, tenfold dilution was then performed as 100 µL of the first tube that contained all 

of the cells was transferred to the second microfuge tube. The second tube was mixed and 100 

µL of that sample was transferred to the third tube. This continued all the way down the line for 

the remaining tubes to give a total of eight needed for plating. An agar plate was then carefully 
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annotated with a marker (called 0 hour plates) to identify the eight dilution quadrants          

(Figure 2-10). Three, 10 µL droplets were placed in their respective areas on the plate and were 

allowed to grow on the surface for a day in the 37 
o
C incubator.  

 

Figure 2-10. Sample LB plate ready for drop plating.  

 After the Ampicillin had spent its three hours in the flasks, these were also removed and 

the same series of steps were taken with these samples (called 3 hour plates). The dilutions were 

carried out and drop plating followed in the same fashion with the plates being placed in the 

incubator along with its 0 hour counterparts.  

 Analysis was typically carried out on the fourth day of the experiment as it came time to 

quantify the number of colonies showing up in each dilution quadrant. The plates were removed 

from the incubator and various colonies showed up in the locations they were drop plated. Using 

a marker, the three individual drops were examined and counted with each little dot signifying 

one colony of cells. Results were then recorded and an average number of colonies for each 
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dilution was calculated. When performing this for each strain, there were quite a few apparent 

observations. On quadrants with lower dilutions (0,-1,-2,-3,-4) there were so many colonies that 

they all blended together and it was indiscernible to count individual ones. At the -5 and -6 

dilutions however, there tended to be a wide range of countable colonies with each spot 

exhibiting anywhere from 1 to 60 colonies. At the last dilution (-7) it was extremely rare to see 

any formation as the sample was too diluted by this stage. 

 Before proceeding with further analysis it is important to consider once again the trends 

that are being studied concerning persistence and the toxin MqsR. Once again, if a gene is 

knocked out from the E. coli genome (as it has been with the strains that have been used in this 

experiment), and an increase in persistence is observed, then when gene X is in the bacteria, it 

exhibits lower persistence. If a decrease in persistence is observed with a knockout gene, then 

when it is intact in the genome, then you have increased persistence. Furthermore, a deletion 

leading to a decrease in persistence suggests MqsR selectively cleaves less frequently to increase 

persistence and may be important for a cell to survive as a persister. With this information, it 

came time to quantify whether or not the cell demonstrated an increase or decrease in 

persistence. 

  Following colony counting, the number of colony forming units (CFU’s) were 

determined for each spot on the dilution quadrants. For example, if there were 20 colonies 

counted on the “-5” dilution section, this meant there were 20*(10
8
) CFU/mL. This number was 

found by multiplying the 10 µL (volume of individual droplet on plate) by 100 (to get into mL), 

then multiplying the result by 10
5
 as it was the fifth dilution section. The average value for the 

three droplets was taken and the standard deviation between the spots was calculated as well. 

The percent survival was then calculated for the strains as this was simply defined as the number 
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of CFU/mL in the 3 hour antibiotic addition samples divided by the number of CFU/mL in the 0 

hour samples that were void of any antibiotic. Lastly, for the knockout strains of interest in the 

experiment, a fold change was calculated relative to Wild Type standard. This was simply the 

percent survival of the knockout strain divided by the percent survival for the Wild Type. The 

fold changes are the best indicator as to whether or not there was an increase or decrease in 

persistence.  
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CHAPTER 3: EXPERIMENTAL RESULTS OF SIX INITIAL STRAINS 

yaiZ & yggL Strains 

As mentioned, there were six strains of interest (glgS, ogrK, tdcR, yaiZ, ydfZ, yggL) that were 

studied to have a singular GCT site which was unprotected as postulated by its secondary 

structure. Experiments were conducted in sets of two strains coupled with the WT standard. For 

the first round of testing, yaiZ and yggL were plated from their glycerol stocks. Table 3-1 shows 

the measured OD600 measurements for the strains before the experiment began.  

 

Table 3-1. OD600 Readings for yaiZ and yggL 

For persistence assays, 1 mL was removed. Upon removal, 220 µL of 10 mg/mL ampicillin stock 

was added to the yggL samples, 210 µL to WT 2, 200 µL to yaiZ samples, and 190 µL to WT 1. 

The reason for the differing amounts of antibiotic added to the flasks was to maintain a steady 

concentration of 0.1 mg/mL of ampicillin. The antibiotic ran its course for three hours and 1 mL 

was removed towards drop plating for the persistence assay. 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.764 0.744

MG 1655 yaiZ 0.754 0.808

MG 1655 yggL 0.777 0.746
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Table 3-2 provides a summary of the fold changes observed for the two strains. The results 

showed an interesting behavior for both strains that were tested. First, the yaiZ (-3.66 fold) 

sample demonstrated a decrease in persistence upon exposure to Ampicillin as the antibiotic of 

choice. The second strain tested, yggL (-8.24 fold) saw the same trend in persistence.  

 

Table 3-2. Summary of findings for yaiZ and yggL  

 

 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 3.8E+08 2.65E+07

3 hour Amp 10 2.77E+04 3.51E+03 7.28E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 4.4E+08 1.73E+07

3 hour Amp 10 3.20E+04 3.00E+03 7.27E-03

BW25113 yaiZ: Flask 1 0 hour No Treatment 4.23E+08 8.50E+07

3 hour Amp 10 1.07E+04 3.21E+03 2.52E-03 -2.890

BW25113 yaiZ: Flask 2 0 hour No Treatment 4.27E+08 7.57E+07

3 hour Amp 10 7.00E+03 1.73E+03 1.64E-03 -4.433

BW25113 yggL: Flask 1 0 hour No Treatment 2.83E+08 3.06E+07

3 hour Amp 10 3.23E+03 404.1452 1.14E-03 -6.380

BW25113 yggL: Flask 2 0 hour No Treatment 3.33E+08 2.08E+07

3 hour Amp 10 2.40E+03 4.58E+02 7.20E-04 -10.101



24 

glgS & ogrK Strains 

Moving on to the second round of testing, glgS and ogrK were plated from their glycerol stocks. 

Table 3-3 shows the measured OD600 measurements for the strains before the experiment began.  

 

Table 3-3. OD600 Readings for glgS and ogrK 

For persistence assays, 1 mL was removed. Upon removal, 210 µL of 10 mg/mL Ampicillin 

stock was added to the glgS and ogrK samples and 200 µL to WT samples. The reason for the 

differing amounts of antibiotic added to the flasks was to maintain a steady concentration of 0.1 

mg/mL of Ampicillin. The antibiotic ran its course for three hours and 1 mL was removed 

towards drop plating for the persistence assay. 

 

 

 

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.834 0.829

MG 1655 glgS 0.828 0.851

MG 1655 ogrK 0.829 0.798
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Table 3-4 provides a summary of the fold changes observed for the two strains. The results 

showed an interesting behavior for both strains that were tested. First, the glgS (-1.76 fold) sample 

demonstrated a decrease in persistence upon exposure to Ampicillin as the antibiotic of choice. The 

second strain tested, ogrK (-4.23 fold) saw the same trend in persistence. 

 

Table 3-4. Summary of findings for glgS and ogrK  

 

 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 3.07E+08 1.15E+07

3 hour Amp 10 2.93E+04 2.08E+03 9.57E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 3.9E+08 3.00E+07

3 hour Amp 10 2.73E+04 6.03E+03 7.01E-03

BW25113 glgS: Flask 1 0 hour No Treatment 3.27E+08 2.08E+07

3 hour Amp 10 1.30E+04 3.00E+03 3.98E-03 -2.40E+00

BW25113 glgS: Flask 2 0 hour No Treatment 3.4E+08 5.00E+07

3 hour Amp 10 2.13E+04 2.08E+03 6.27E-03 -1.12E+00

BW25113 ogrK: Flask 1 0 hour No Treatment 4.03E+08 6.81E+07

3 hour Amp 10 8.33E+03 3.06E+03 2.07E-03 -4.63E+00

BW25113 ogrK: Flask 2 0 hour No Treatment 3.83E+08 3.06E+07

3 hour Amp 10 7.00E+03 0.00E+00 1.83E-03 -3.84E+00
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tdcR & ydfZ Strains 

For the last round of experiments on the six postulated genes, tdcR and ydfZ were plated from 

their glycerol stocks. Table 3-5 shows the measured OD600 measurements for the strains before 

the experiment began. 

 

Table 3-5. OD600 Readings for tdcR and ydfZ 

For persistence assays, 1 mL was removed. Upon removal, 210 µL of 10 mg/mL Ampicillin 

stock was added to the WT and tdcR samples and 190 µL to ydfZ samples. The reason for the 

differing amounts of antibiotic added to the flasks was to maintain a steady concentration of 0.1 

mg/mL of Ampicillin. The antibiotic ran its course for three hours and 1 mL was removed 

towards drop plating for the persistence assay. 

 

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.744 0.782

MG 1655 tdcR 0.749 0.776

MG 1655 ydfZ 0.749 0.775
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Table 3-6 provides a summary of the fold changes observed for the two strains. The results 

showed an interesting behavior for both strains that were tested. First, the tdcR (+4.97 fold) 

sample demonstrated an increase in persistence upon exposure to Ampicillin as the antibiotic of 

choice. The second strain tested, ydfZ (-1.44 fold) saw the opposite trend in persistence. The tdcR 

strain presents interesting results as it is the only strain out of the six tested (yggL, yaiZ, glgS, 

ogrK, tdcR, and ydfZ) that shows an increase in persistence upon deletion. 

 

Table 3-6. Summary of findings for tdcR and ydfZ  

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 3.63E+08 3.21E+07

3 hour Amp 10 1.83E+04 2.89E+03 5.05E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 4.07E+08 2.89E+07

3 hour Amp 10 1.27E+05 3.06E+04 3.11E-02

BW25113 tdcR: Flask 1 0 hour No Treatment 3.4E+08 3.61E+07

3 hour Amp 10 1.43E+05 2.52E+04 4.22E-02 8.35E+00

BW25113 tdcR: Flask 2 0 hour No Treatment 3.87E+08 2.52E+07

3 hour Amp 10 1.90E+05 2.65E+04 4.91E-02 1.58E+00

BW25113 ydfZ: Flask 1 0 hour No Treatment 3.93E+08 3.51E+07

3 hour Amp 10 1.50E+04 3.61E+03 3.81E-03 -1.32E+00

BW25113 ydfZ: Flask 2 0 hour No Treatment 3.5E+08 3.61E+07

3 hour Amp 10 7.00E+04 2.65E+04 2.00E-02 -1.56E+00
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CHAPTER 4: PHASE TWO EXPERIMENTS  

 Previous work performed had concentrated on six knockout strains of E.coli (yaiZ, yggL, 

glgS, ogrK, tdcR, and ydfZ) that contain a singular GCT site that would be potentially cleaved by 

the toxin MqsR. These genes were first tested due to the fact that they possessed secondary 

structures showing the availability of the aforementioned GCT site and were not masked by 

folding.  These strains were tested using persistence assays that showed modest fold changes in 

persistence. The relatively low standard deviations confirm the success of these experiments 

(refer to Appendix for fold change derivations). 

 The next task was to reevaluate the compiled list of genes within the bacterium that have 

one GCT site and look for ones with secondary structures that mask or cover the three letter 

sequence. Further, it was desired to find candidates from the list that are known toxins according 

to gene databases such as ecogene.org and ecocyc.com.  

The following genes meet the two criteria mentioned above: 

1) yoeB: The YoeB toxin induces cleavage of translated mRNAs. YoeB can be 

activated by overproduction of the Lon protease, which is lethal  

2) hicA: HicA is an mRNA interferase acting as the toxin of the HicA-HicB 

toxin-antitoxin system. Overexpression of HicA induces mRNA cleavage and 

growth inhibition, but not cell death 

 

Although there were only two known toxins found in this list, the search was expanded 

with these other genes. Going back to the original goal, there were plenty of options of genes that 

have a singular GCT site that is masked by secondary structure. The following strains were 

chosen to be tested: ygiW, yhhY, yciH, flgM, and yiaG. All of these five, alongside the 
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aforementioned two toxins display double stranded interactions with other segments of the RNA 

strand that occludes the GCT site. For this second round of testing, the decision was made to use 

5µg/mL Ciprofloxacin as the antibiotic of choice to try and see whether or not this would affect 

the trends in persistence.  

  Pknots modeling was performed on these seven genes as well to verify the occluded 

structure of the GCT sites.  

 

Figure 4-1. Secondary structure of yoeB with its GCT site identified 
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Figure 4-2. Secondary structure of hicA with its GCT site identified 

Location of GCT 

site in hicA 
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Figure 4-3. Secondary structure of ygiW with its GCT site identified 

 

 

Location of GCT 

site in ygiW 
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Figure 4-4. Secondary structure of yhhY with its GCT site identified 

 

Location of 

GCT site in 

yhhY 
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Figure 4-5. Secondary structure of yciH with its GCT site identified 

 

 

 

Location of 

GCT site in yciH 
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Figure 4-6. Secondary structure of flgM with its GCT site identified 

 

 

 

 

 

 

 

 

 

Location of 

GCT site in flgM 



35 

 

Figure 4-7. Secondary structure of yiaG with its GCT site identified 

 

Location of 

GCT site in yiaG 
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ygiW & yhhY Strains 

To begin the phase two experiments on E. coli genes whose secondary structure seems 

inaccessible to MqsR cleavage, ygiW and yhhY were first tested from their glycerol stocks. Table 

4-1 shows the measured OD600 measurements for the strains before the experiment began. 

 

Table 4-1. OD600 Readings for ygiW and yhhY 

For persistence assays, 1 mL was removed. Upon removal, 210 µL of 0.5 mg/mL Ciprofloxacin 

stock was added to the ygiW 2 and yhhy 2 samples and 200 µL to the WT samples, ygiW 1 and 

yhhY 1. The reason for the differing amounts of antibiotic added to the flasks was to maintain a 

steady concentration of .005 mg/mL of Ciprofloxacin. The antibiotic ran its course for three 

hours and 1 mL was removed towards drop plating for the persistence assay. 

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.789 0.815

MG 1655 ygiW 0.746 0.756

MG 1655 yhhY 0.807 0.81
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Table 4-2 provides a summary of the fold changes observed for the two strains. First, the ygiW 

(+1.37 fold) sample demonstrated an increase in persistence upon exposure to Ciprofloxacin as 

the antibiotic of choice. The second strain tested, yhhY (+3.43 fold) saw the same trend in 

persistence. Judging by these results of a positive fold increase, a deletion meant that we 

observed an increase in persistence. 

 

Table 4-2. Summary of findings for ygiW and yhhY 

 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 3.6E+08 4.00E+07

3 hour Cipro 5 3.50E+04 2.00E+03 9.72E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 3.63E+08 1.15E+07

3 hour Cipro 5 3.60E+04 2.00E+03 9.91E-03

BW25113 ygiW: Flask 1 0 hour No Treatment 1.93E+08 2.52E+07

3 hour Cipro 5 3.17E+04 4.93E+03 1.64E-02 1.68E+00

BW25113 ygiW: Flask 2 0 hour No Treatment 3.17E+08 2.08E+07

3 hour Cipro 5 3.30E+04 5.57E+03 1.04E-02 1.05E+00

BW25113 yhhY: Flask 1 0 hour No Treatment 2.80E+08 4.36E+07

3 hour Cipro 5 1.10E+05 1.00E+04 3.93E-02 4.04E+00

BW25113 yhhY: Flask 2 0 hour No Treatment 3.93E+08 3.21E+07

3 hour Cipro 5 1.10E+05 2.00E+04 2.80E-02 2.82E+00
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flgM & yciH Strains 

The next couple of genes that were obtained from their glycerol stocks were flgM and yciH.  

Table 4-3 shows the measured OD600 measurements for the strains before the experiment began. 

 

Table 4-3. OD600 Readings for flgM and yciH 

For persistence assays, 1 mL was removed. Upon removal, 220 µL of 0.5 mg/mL Ciprofloxacin 

stock was added to the flgM samples and WT 2. 210 µL was placed in the WT 1 sample, and 

finally, 200 µL in the yciH samples. The reason for the differing amounts of antibiotic added to 

the flasks was to maintain a steady concentration of .005 mg/mL of Ciprofloxacin. The antibiotic 

ran its course for three hours and 1 mL was removed towards drop plating for the persistence 

assay.  

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.849 0.753

MG 1655 flgM 0.799 0.775

MG 1655 yciH 0.798 0.791
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Table 4-4 provides a summary of the fold changes observed for the two strains. First, the flgM      

(-1.14 fold) sample demonstrated a decrease in persistence upon exposure to Ciprofloxacin as the 

antibiotic of choice. The negative fold change signaled that a deletion meant that we observed a 

decrease in persistence. The second strain tested, yciH (+1.59 fold) saw an increase in 

persistence. Judging by these results of a positive fold change, a deletion meant that there was an 

increase in persistence.  

 

Table 4-4. Summary of findings for flgM and yciH 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 4.03E+08 1.53E+07

3 hour Cipro 5 2.53E+04 5.77E+02 6.28E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 4.03E+08 3.06E+07

3 hour Cipro 5 2.87E+04 3.79E+03 7.11E-03

BW25113 flgM: Flask 1 0 hour No Treatment 3.17E+08 2.52E+07

3 hour Cipro 5 1.93E+04 1.15E+03 6.11E-03 -1.03E+00

BW25113 flgM: Flask 2 0 hour No Treatment 3.47E+08 3.21E+07

3 hour Cipro 5 1.97E+04 1.15E+03 5.67E-03 -1.25E+00

BW25113 yciH: Flask 1 0 hour No Treatment 3.07E+08 2.31E+07

3 hour Cipro 5 3.50E+04 1.00E+03 1.14E-02 1.82E+00

BW25113 yciH: Flask 2 0 hour No Treatment 3.80E+08 4.00E+07

3 hour Cipro 5 3.67E+04 2.08E+03 9.65E-03 1.36E+00
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yoeB & hicA Strains 

The next couple of genes that were obtained from their glycerol stocks were yoeB and hicA.  

Table 4-5 shows the measured OD600 measurements for the strains before the experiment began. 

 

Table 4-5. OD600 Readings for yoeB and hicA 

For persistence assays, 1 mL was removed. Upon removal, 220 µL of 0.5 mg/mL Ciprofloxacin 

stock was added to the WT and hicA samples, while 210 µL was placed in the yoeB samples. The 

reason for the differing amounts of antibiotic added to the flasks was to maintain a steady 

concentration of .005 mg/mL of Ciprofloxacin. The antibiotic ran its course for three hours and 1 

mL was removed towards drop plating for the persistence assay.  

 

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.794 0.806

MG 1655 hicA 0.756 0.771

MG 1655 yoeB 0.757 0.769
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Table 4-6 provides a summary of the fold changes observed for the two strains. First, the hicA   

(-1.34 fold) sample demonstrated a decrease in persistence upon exposure to Ciprofloxacin as the 

antibiotic of choice. The negative fold change signaled that a deletion meant that we observed a 

decrease in persistence. The second strain tested, yoeB (+5.04 fold) saw an increase in 

persistence. Judging by these results of a positive fold change, a deletion meant that there was an 

increase in persistence. 

 

Table 4-6. Summary of findings for yoeB and hicA 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 4E+08 0.00E+00

3 hour Cipro 5 3.53E+04 2.52E+03 8.83E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 3.8E+08 3.61E+07

3 hour Cipro 5 3.33E+04 4.73E+03 8.77E-03

BW25113 hicA: Flask 1 0 hour No Treatment 3.17E+08 1.53E+07

3 hour Cipro 5 2.47E+04 2.08E+03 7.79E-03 -1.13E+00

BW25113 hicA: Flask 2 0 hour No Treatment 3.63E+08 1.53E+07

3 hour Cipro 5 2.07E+04 1.53E+03 5.69E-03 -1.54E+00

BW25113 yoeB: Flask 1 0 hour No Treatment 2.93E+08 1.15E+07

3 hour Cipro 5 1.80E+05 1.00E+04 6.14E-02 6.95E+00

BW25113 yoeB: Flask 2 0 hour No Treatment 3.27E+08 2.31E+07

3 hour Cipro 5 9.00E+04 1.73E+04 2.76E-02 3.14E+00
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yiaG Strain 

The final strain that was tested and still had its GCT site blocked was yiaG.  Table 4-7 shows the 

measured OD600 measurements for the strain before the experiment began. 

 

Table 4-7. OD600 Readings for yiaG 

For persistence assays, 1 mL was removed. Upon removal, 220 µL of 0.5 mg/mL Ciprofloxacin 

stock was added to the WT samples, while 210 µL was placed in the yiaG 1 sample and 200 µL 

into yiaG 2. The reason for the differing amounts of antibiotic added to the flasks was to 

maintain a steady concentration of .005 mg/mL of Ciprofloxacin. The antibiotic ran its course for 

three hours and 1 mL was removed towards drop plating for the persistence assay.  

 

 

 

 

 

 

 

 

 

Strain Flask 1 Flask 2

MG 1655 Wild Type 0.804 0.798

MG 1655 yiaG 0.85 0.773
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Table 4-8 provides a summary of the fold changes observed for the two strains. The yiaG (+1.08 

fold) sample demonstrated an increase in persistence. Judging by this result of a positive fold 

change, a deletion meant that there was an increase in persistence. This was the last of the seven 

strains that were tested which had an occluded GCT site. 

 

Table 4-8. Summary of findings for yiaG 

 

 

 

 

 

 

 

 

 

 

 

Strain Time Condition CFU/mL stdev %Survival Fold Change

MG 1655 Wild Type: Flask 1 0 hour No Treatment 3.73E+08 3.21E+07

3 hour Cipro 5 2.80E+04 1.73E+03 7.50E-03

MG 1655 Wild Type: Flask 2 0 hour No Treatment 3.97E+08 5.77E+06

3 hour Cipro 5 2.60E+04 2.00E+03 6.55E-03

BW25113 yiaG: Flask 1 0 hour No Treatment 3.10E+08 1.73E+07

3 hour Cipro 5 2.33E+04 2.31E+03 7.53E-03 1.00E+00

BW25113 yiaG: Flask 2 0 hour No Treatment 3.10E+08 2.65E+07

3 hour Cipro 5 2.33E+04 1.53E+03 7.53E-03 1.15E+00
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CHAPTER 5: DISCUSSION OF PHASE 1 & 2 RESULTS 

 All in all, there were a total of thirteen strains from the E. coli genome that were tested 

using the persistence assay technique. Revisiting the hypothesis first postulated before 

experimentation mentioned that the secondary structure of certain genes from the bacterium 

would play a role in bacterial persistence in biofilms. The hypothesis stated that those genes 

identified as susceptible candidates for MqsR attack at their open GCT sites, would be readily 

degraded by the toxin and not lead to an increase in persistence. The opposite was also thought to 

be true as well wherein candidates whose GCT structure had favorable hydrogen bonding 

interactions with other nucleotides and sheltered it from MqsR attack would lead to an increase 

in persistence.  

 Table 5-1 highlights the trends observed for the six strains tested in the first phase of 

experiments. The strains of yaiZ, yggL, glgS, ogrK, and ydfZ all showed a negative fold change 

which signified a decrease in persistence. The lone gene, tdcR, showed the reverse effect as it 

displayed a positive fold change and signaled an increase in persistence. Although the majority 

of these strains showed an expected decrease in persistence, their corresponding fold changes did 

not warrant a conclusive finding. Consulting literature, it is only advisable to further examine a 

strain if it exhibits at least a tenfold change in persistence
17

. Unfortunately none of these strains 

met the aforementioned criteria.  
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Table 5-1. Summary of Fold Changes for unmasked GCT site strains 

Phase two experiments yearned to test the second part of the hypothesis that suggested that the 

secondary structure of the gene can somehow prevent MqsR from degrading the gene and lead to 

an increase in persistence. As Table 5-2 suggests, this hypothesis doesn’t seem to hold up quite 

well either. Although the folding algorithm predicted the seven strains listed below would be 

masked from MqsR degradation, this seemingly wasn’t always the case. The fold changes show 

both increases and decreases in persistence for the strains. Furthermore, the magnitude of these 

changes weren’t significant enough to draw any definitive conclusions.  

 

Table 5-2. Summary of Fold Changes for occluded GCT site strains 

Before leaving these thirteen strains for future work, there was still a significant interest in the 

hicA and yoeB strains. Considering the fact that the recognition site (GCU) was hidden due to 

their secondary structures, a hypothesis was formed that suggested the overexpression of MqsR 

in the wild type strains will lead to enrichment of these toxin mRNAs. When exposed to any 

Strain Fold Change Persistence Trend?

yaiZ -3.66 Decrease

yggL -8.24 Decrease

glgS -1.76 Decrease

ogrK -4.23 Decrease

ydfZ -1.44 Decrease

tdcR 4.97 Increase

Strain Fold Change Persistence Trend?

ygiW 1.37 Increase

yhhY 3.43 Increase

flgM -1.14 Decrease

yciH 1.59 Increase

hicA -1.34 Decrease

yoeB 5.04 Increase

yiaG 1.08 Increase
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stressful conditions, the cell might use one toxin (MqsR) to further up-regulate many more toxins 

to rapidly change the cell physiology to go into the dormancy state. Furthermore, the 

overexpression of MqsR was postulated to lead to an increased expression of the toxin 

counterparts, YoeB and HicA. As a result, the knockout strains, hicA and yoeB would have a 

greater growth rate compared to wild type strains during this overexpression. 
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CHAPTER 6: FINAL PHASE GROWTH EXPERIMENT 

 As mentioned, the toxic nature of hicA and yoeB made them interesting strains to further 

study. Although they did not exhibit significant fold change results (table 5-2), it was still 

important to carry out a final experiment (aside from the persistence assay) to measure the 

growth rate of these two strains when MqsR is overexpressed.    

 On the first day of the experiment, the three strains (WT, hicA, and yoeB) were streaked 

on separate plates for colony growth. The hicA and yoeB strains were streaked on LB-

Kanamycin (Kan) 50 Chloramphenicol (Cm) 30 plates in order to maintain the deletion and 

plasmid, respectively. The Wild Type was streaked on a LB-Cm 30 plate. All three plates were 

placed in the incubator at 37 
o
C for overnight growth. The following day, six flasks were 

prepared for inoculation and contained 25 mL LB media. For the four flasks that contained the 

hicA and yoeB strains, 125 µL Kan (10 mg/mL stock) and 22 µL Cm (34 mg/mL stock) in order 

to maintain a 50 µg/mL Kan concentration and 30 µg/mL Cm concentration. For the Wild Type, 

again, only Cm was added to the pure LB. All flasks were placed in the shaker at 37 
o
C and 250 

RPM. On the following day, all six flasks were removed and OD600 measurements were taken 

and recorded. The overnight culture was refreshed into 25 mL LB-Cm 30 in order to obtain an 

OD600 reading ~0.05. The refreshed flasks were put into the shaker under the same conditions 

and were allowed to grow for an eight hour period. Following one hour of growth, 1mM IPTG 

was induced into the flasks to overproduce MqsR when an OD600 reading of 0.1 was achieved. 

After induction, growth was monitored on a consistent basis, every hour for a total of 8 hours 

(table 6-1).  
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Table 6-1. Growth rates (OD600 measurements) charted over an 8 hour period 

The second trial of the yoeB strain was disregarded as it did not even begin to grow at all until 

the seven hour mark. Charting the average OD values for the strains against time yielded 

interesting results into the behavior of the toxins (Figure 6-1).  

 

Figure 6-1. Growth curve of strains with IPTG induction at one hour 

The hicA strain demonstrated the greatest growth rate as it followed an exponential track. 

Following the introduction of MqsR into the strains at one hour, hicA demonstrated rapid growth. 

The next step was to try and quantify the growth observed by the strains by calculating an 

Time (h) Flask 1 Flask 2 Average STDEV Time (h) Flask 1 Flask 2 Average STDEV Time (h) Flask 1 Flask 2 Average STDEV

0 0.033 0.04 0.0365 0.00495 0 0.035 0.036 0.0355 0.000707 0 0.039 N/A 0.039 N/A

1 0.097 0.1 0.0985 0.002121 1 0.135 0.1 0.1175 0.024749 1 0.125 N/A 0.125 N/A

2 0.173 0.175 0.174 0.001414 2 0.41 0.264 0.337 0.103238 2 0.234 N/A 0.234 N/A

3 0.242 0.199 0.2205 0.030406 3 0.508 0.329 0.4185 0.126572 3 0.256 N/A 0.256 N/A

4 0.278 0.276 0.277 0.001414 4 0.704 0.47 0.587 0.165463 4 0.35 N/A 0.35 N/A

5 0.297 0.313 0.305 0.011314 5 0.823 0.53 0.6765 0.207182 5 0.388 N/A 0.388 N/A

6 0.326 0.341 0.3335 0.010607 6 0.993 0.613 0.803 0.268701 6 0.461 N/A 0.461 N/A

7 0.42 0.45 0.435 0.021213 7 1.44 1 1.22 0.311127 7 0.64 N/A 0.64 N/A

8 0.51 0.49 0.5 0.014142 8 1.76 1.24 1.5 0.367696 8 0.58 N/A 0.58 N/A

WT/pCA24N-mqsR ΔhicA /pCA24N-mqsR ΔyoeB/pCA24N-mqsR
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average growth rate and comparing it against the standard WT strain. To do this, a specific 

growth rate was found for each colony by plotting the ln OD600 versus time. The range was then 

narrowed to ensure a proper fit of data points and that it yielded a straight line. The slope of the 

line corresponded to the specific growth rate which was then averaged for the two trials of each. 

 

 

 

 

 

 

 

 

 

  Figure 6-2. Specific growth rate for Wild Type 

 

 

  

 

 

 

 

 

 

   Figure 6-3. Specific growth rate for hicA 

y = 0.0796x - 1.6032 
R² = 0.9905 

y = 0.1057x - 1.7036 
R² = 0.9881 

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

3 3.5 4 4.5 5 5.5 6 6.5

ln
 (

O
D

 6
0

0
) 

Time, hr 



50 

 

 

 

 

 

 

 

  Figure 6-4. Specific growth rate for yoeB 

 

 

 Table 6-2. Specific growth rate during MqsR overproduction 

 

Looking at the results displayed in the above table, hicA showed a better growth rate (+3.0) 

compared to the other two strains after exposure of 1mM IPTG. For at least the hicA strain, the 

hypothesis seemed to hold true as it showed that the overexpression of MqsR did indeed lead to 

an increased expression of the protein HicA. This can be validated by the fact that the knockout 

strain tested above has a higher growth rate than its wild type counterpart.  

 

 

 

Average Growth Fold Change

WT/pCA24N-mqsR 0.09265 +/- 0.018 1

ΔhicA/pCA24N-mqsR 0.27935 +/- 0.012 3.015

ΔyoeB/pCA24N-mqsR 0.1377 1.486
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

 The starting point and motivations for the research started with the understanding of the 

protein GhoT. A protein within E. coli, GhoT was found to damage the membranes of cells and 

lead to an increase in persistence. Inherent to this toxin was an antitoxin counterpart, GhoS 

which was found to limit the toxic effects of GhoT by cleaving the protein’s mRNA (a newly 

identified toxin/antitoxin system).  The regulator, MqsR is intricately involved with the 

aforementioned TA system as it degrades mRNA specifically at GCU sites in the transcript. 

Interestingly enough, MqsR was found to cleave transcripts of antitoxin GhoS, which led to the 

activation of its toxin counterpart, GhoT. As GhoT was activated, persister cell formation 

occurred. Researchers tested an initial set of genes from the E. coli genome that were found to 

lack GCU sites in their mRNA transcripts to determine the role of MqsR plays on increasing 

persistence. When these genes were knocked out and exposed to MqsR, this reduced persistence. 

When these genes were not knocked out and were intact in the genome and exposed to MqsR, an 

increase in persistence was observed. The motivations were to find a similar relationship to the 

ghoS/ghoT pairing by studying a select number of genes.  

 With these trends in mind, thirteen additional genes (with a singular GCU site) of interest 

were examined using the persistence assay technique to test whether or not they exhibited an 

increase or decrease in persistence when exposed to antibiotics. Six genes were studied in phase 

one of the experiment as they had an exposed GCU site. In phase two, seven additional genes 

were examined as they had a GCU site that was occluded by its secondary structure and it was 

postulated that they would behave synonymously to the candidates tested in previous research 

that had no GCT sites.  
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 Although none of the strains tested showed many definitive trends in persistence alone 

when exposed solely to antibiotics (tables 5-1 & 5-2), future considerations may be taken to test 

the masked versus unmasked GCU phenotype. Previous work has shown that the overexpression 

of mqsR increases the formation of persisters as its toxin counterpart functions by cleaving 

mRNA at GCU sequences
5
. By exposing the aforementioned thirteen knockout genes to MqsR in 

large amounts would be a clearer indicator as to their role in persistence by measuring their 

respective fold changes. Seeing that more 0 GCT site genes were found (Appendix C) than were 

originally thought of, strains with these deletions should also be analyzed to see whether or not 

they behave similarly to the original fourteen surveyed by previous researchers. There is even a 

large abundance of one and two GCT site candidates that have yet to be analyzed. Furthermore, 

experiments can be carried out using different antibiotics, stress conditions, or cell growth phases 

(trying stationary versus exponential). The work performed through the technique of persistence 

assays will hopefully be used as a launching point for future considerations which may show 

more definitive trends in persistence in these strains of E. coli. 
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Appendix A 
 

Colony Counts for yaiZ and yggL 

Table A-1. Colony Counts for yaiZ and yggL before antibiotic addition 

Table A-2. Colony Counts for yaiZ and yggL after 3 hours of antibiotic addition 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 37 5 Nothing Drop 1 Dense 48 9 Nothing

Drop 2 Dense 41 4 Nothing Drop 2 Dense 46 6 Nothing

Drop 3 Dense 36 2 Nothing Drop 3 Dense 34 5 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 45 4 Nothing Drop 1 Dense 25 6 Nothing

Drop 2 Dense 45 3 Nothing Drop 2 Dense 31 2 Nothing

Drop 3 Dense 42 7 Nothing Drop 3 Dense 29 3 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 42 7 Nothing Drop 1 Dense 35 7 Nothing

Drop 2 Dense 51 5 Nothing Drop 2 Dense 34 6 Nothing

Drop 3 Dense 34 5 Nothing Drop 3 Dense 31 2 Nothing

yggL 2yaiZ 1

0 Hour Colony Counts
WT 1 yaiZ 2

yggL 1WT 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 24 2 Nothing Drop 1 Dense 9 0 Nothing

Drop 2 Dense 31 3 Nothing Drop 2 Dense 6 1 Nothing

Drop 3 Dense 28 3 Nothing Drop 3 Dense 6 2 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 35 7 Nothing Drop 1 30 5 3 Nothing

Drop 2 Dense 29 8 Nothing Drop 2 37 11 1 Nothing

Drop 3 Dense 32 3 Nothing Drop 3 30 10 0 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 13 1 Nothing Drop 1 29 6 1 Nothing

Drop 2 Dense 12 2 Nothing Drop 2 23 1 1 Nothing

Drop 3 Dense 7 2 Nothing Drop 3 20 6 2 Nothing

yggL 2yaiZ 1

3 Hour Colony Counts
WT 1 yaiZ 2

yggL 1WT 2
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                    Colony Counts for glgS and ogrK 

Table A-3. Colony Counts for glgS and ogrK before antibiotic addition 

Table A-4. Colony Counts for glgS and ogrK after 3 hours of antibiotic addition 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 32 2 Nothing Drop 1 Dense 29 7 Nothing

Drop 2 Dense 30 4 Nothing Drop 2 Dense 34 12 Nothing

Drop 3 Dense 30 1 Nothing Drop 3 Dense 39 8 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 36 3 Nothing Drop 1 Dense 38 8 Nothing

Drop 2 Dense 39 1 Nothing Drop 2 Dense 48 5 Nothing

Drop 3 Dense 42 4 Nothing Drop 3 Dense 35 6 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 31 6 Nothing Drop 1 Dense 35 10 Nothing

Drop 2 Dense 35 7 Nothing Drop 2 Dense 41 10 Nothing

Drop 3 Dense 32 2 Nothing Drop 3 Dense 39 8 Nothing

WT 2

glgS 1

ogrK 1

ogrK 2

0 Hour Colony Counts
WT 1 glgS 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 31 9 Nothing Drop 1 Dense 22 3 Nothing

Drop 2 Dense 27 3 Nothing Drop 2 Dense 19 7 Nothing

Drop 3 Dense 30 4 Nothing Drop 3 Dense 23 3 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 28 5 Nothing Drop 1 Dense 9 4 Nothing

Drop 2 Dense 33 6 Nothing Drop 2 Dense 11 1 Nothing

Drop 3 Dense 21 4 Nothing Drop 3 Dense 5 1 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 16 2 Nothing Drop 1 Dense 7 0 Nothing

Drop 2 Dense 13 3 Nothing Drop 2 Dense 7 0 Nothing

Drop 3 Dense 10 5 Nothing Drop 3 Dense 7 1 Nothing

3 Hour Colony Counts
WT 1 glgS 2

WT 2 ogrK 1

glgS 1 ogrK 2
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Colony Counts for tdcR and ydfZ 

Table A-5. Colony Counts for tdcR and ydfZ before antibiotic addition 

Table A-6. Colony Counts for tdcR and ydfZ after 3 hours of antibiotic addition 

 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 40 6 Nothing Drop 1 Dense 41 5 Nothing

Drop 2 Dense 34 3 Nothing Drop 2 Dense 36 8 Nothing

Drop 3 Dense 35 6 Nothing Drop 3 Dense 39 8 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 39 5 Nothing Drop 1 Dense 43 8 Nothing

Drop 2 Dense 39 7 Nothing Drop 2 Dense 36 10 Nothing

Drop 3 Dense 44 7 Nothing Drop 3 Dense 38 6 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 37 5 Nothing Drop 1 Dense 34 7 Nothing

Drop 2 Dense 30 6 Nothing Drop 2 Dense 32 6 Nothing

Drop 3 Dense 35 5 Nothing Drop 3 Dense 34 9 Nothing

WT 2 ydfZ 1

tdcR 1 ydfZ 2

0 Hour Colony Counts
WT 1 tdcR 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 15 3 Nothing Drop 1 Dense Dense 22 Nothing

Drop 2 Dense 20 1 Nothing Drop 2 Dense Dense 18 Nothing

Drop 3 Dense 20 3 Nothing Drop 3 Dense Dense 17 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense Dense 12 Nothing Drop 1 Dense 12 Nothing Nothing

Drop 2 Dense Dense 16 Nothing Drop 2 Dense 19 Nothing Nothing

Drop 3 Dense Dense 10 Nothing Drop 3 Dense 14 Nothing Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense Dense 12 Nothing Drop 1 Dense 9 Nothing Nothing

Drop 2 Dense Dense 17 Nothing Drop 2 Dense 8 Nothing Nothing

Drop 3 Dense Dense 14 Nothing Drop 3 Dense 4 Nothing Nothing

WT 2 ydfZ 1

tdcR 1 ydfZ 2

3 Hour Colony Counts
WT 1 tdcR 2
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Derivation of Fold Change Calculations for yaiZ & yggL  

Table A-7. Calculated fold changes for yaiZ and yggL 
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Derivation of Fold Change Calculations for glgS & ogrK 

Table A-8. Calculated fold changes for glgS and ogrK 
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Derivation of Fold Change Calculations for tdcR & ydfZ 

Table A-9. Calculated fold changes for tdcR and ydfZ 
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Appendix B 

 
Colony Counts for ygiW and yhhY 

Table B-1. Colony Counts for ygiW and yhhY before antibiotic addition 

Table B-2. Colony Counts for ygiW and yhhY after 3 hours of antibiotic addition 

 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 40 6 Nothing Drop 1 Dense 31 5 Nothing

Drop 2 Dense 32 3 Nothing Drop 2 Dense 30 5 Nothing

Drop 3 Dense 36 0 Nothing Drop 3 Dense 34 3 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 37 3 Nothing Drop 1 Dense 30 3 Nothing

Drop 2 Dense 35 3 Nothing Drop 2 Dense 31 8 Nothing

Drop 3 Dense 37 7 Nothing Drop 3 Dense 23 2 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 17 1 Nothing Drop 1 Dense 37 9 Nothing

Drop 2 Dense 22 4 Nothing Drop 2 Dense 43 10 Nothing

Drop 3 Dense 19 2 Nothing Drop 3 Dense 38 4 Nothing

WT 2 yhhY 1

ygiW 1 yhhY 2

0 Hour Colony Counts
WT 1 ygiW 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 35 10 Nothing Drop 1 Dense 28 5 Nothing

Drop 2 Dense 37 4 Nothing Drop 2 Dense 32 0 Nothing

Drop 3 Dense 33 6 Nothing Drop 3 Dense 39 3 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 36 12 Nothing Drop 1 Dense Dense 11 Nothing

Drop 2 Dense 38 10 Nothing Drop 2 Dense Dense 12 Nothing

Drop 3 Dense 34 3 Nothing Drop 3 Dense Dense 10 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 35 6 Nothing Drop 1 Dense Dense 9 Nothing

Drop 2 Dense 34 3 Nothing Drop 2 Dense Dense 13 Nothing

Drop 3 Dense 26 2 Nothing Drop 3 Dense Dense 11 Nothing

WT 2 yhhY 1

ygiW 1 yhhY 2

3 Hour Colony Counts
WT 1 ygiW 2



60 

Colony Counts for flgM and yciH 

 

Table B-3. Colony Counts for flgM and yciH before antibiotic addition 

Table B-4. Colony Counts for flgM and yciH after 3 hours of antibiotic addition 

 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 42 9 Nothing Drop 1 Dense 31 4 Nothing

Drop 2 Dense 40 11 Nothing Drop 2 Dense 37 7 Nothing

Drop 3 Dense 39 10 Nothing Drop 3 Dense 36 4 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 41 8 Nothing Drop 1 Dense 32 5 Nothing

Drop 2 Dense 37 6 Nothing Drop 2 Dense 28 10 Nothing

Drop 3 Dense 43 11 Nothing Drop 3 Dense 32 10 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 29 4 Nothing Drop 1 Dense 38 4 Nothing

Drop 2 Dense 34 7 Nothing Drop 2 Dense 34 11 Nothing

Drop 3 Dense 32 5 Nothing Drop 3 Dense 42 13 Nothing

WT 2 yciH 1

flgM 1 yciH 2

0 Hour Colony Counts
WT 1 flgM 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 26 Nothing Nothing Drop 1 Dense 19 6 Nothing

Drop 2 Dense 25 Nothing Nothing Drop 2 Dense 19 6 Nothing

Drop 3 Dense 25 Nothing Nothing Drop 3 Dense 21 4 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 27 10 Nothing Drop 1 Dense 36 12 Nothing

Drop 2 Dense 26 8 Nothing Drop 2 Dense 34 9 Nothing

Drop 3 Dense 33 4 Nothing Drop 3 Dense 35 11 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 20 1 Nothing Drop 1 Dense 31 7 Nothing

Drop 2 Dense 20 0 Nothing Drop 2 Dense 35 11 Nothing

Drop 3 Dense 18 2 Nothing Drop 3 Dense 36 12 Nothing

WT 2 yciH 1

flgM 1 yciH 2

3 Hour Colony Counts
WT 1 flgM 2
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Colony Counts for hicA and yoeB 
 

Table B-5. Colony Counts for hicA and yoeB before antibiotic addition 

Table B-6. Colony Counts for hicA and yoeB after 3 hours of antibiotic addition 

 

 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 40 7 Nothing Drop 1 Dense 35 4 Nothing

Drop 2 Dense 40 12 Nothing Drop 2 Dense 36 8 Nothing

Drop 3 Dense 40 10 Nothing Drop 3 Dense 38 8 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 39 8 Nothing Drop 1 Dense 28 5 Nothing

Drop 2 Dense 41 10 Nothing Drop 2 Dense 30 4 Nothing

Drop 3 Dense 34 8 Nothing Drop 3 Dense 30 5 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 32 8 Nothing Drop 1 Dense 30 5 Nothing

Drop 2 Dense 30 8 Nothing Drop 2 Dense 34 7 Nothing

Drop 3 Dense 33 8 Nothing Drop 3 Dense 34 2 Nothing

WT 2 yoeB 1

hicA 1 yoeB 2

0 Hour Colony Counts
WT 1 hicA 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 33 7 Nothing Drop 1 Dense 21 5 Nothing

Drop 2 Dense 38 8 Nothing Drop 2 Dense 19 5 Nothing

Drop 3 Dense 35 8 Nothing Drop 3 Dense 22 3 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 35 9 Nothing Drop 1 Dense Dense 19 Nothing

Drop 2 Dense 37 9 Nothing Drop 2 Dense Dense 17 Nothing

Drop 3 Dense 28 9 Nothing Drop 3 Dense Dense 18 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 24 5 Nothing Drop 1 Dense Dense 10 Nothing

Drop 2 Dense 23 9 Nothing Drop 2 Dense Dense 10 Nothing

Drop 3 Dense 27 5 Nothing Drop 3 Dense Dense 7 Nothing

WT 2 yoeB 1

hicA 1 yoeB 2

3 Hour Colony Counts
WT 1 hicA 2
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Colony Counts for yiaG 
 

 

Table B-7. Colony Counts for yiaG before antibiotic addition  
 

Table B-8. Colony Counts for yiaG after 3 hours of antibiotic addition 
 

 

 

 

 

 

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 36 10 Nothing Drop 1 Dense 32 10 Nothing

Drop 2 Dense 41 8 Nothing Drop 2 Dense 29 5 Nothing

Drop 3 Dense 35 14 Nothing Drop 3 Dense 32 10 Nothing

Dilution # 0, -1, -2, -3, -4 -5 -6 -7 Dilution # 0, -1, -2, -3, -4 -5 -6 -7

Drop 1 Dense 40 13 Nothing Drop 1 Dense 28 4 Nothing

Drop 2 Dense 39 9 Nothing Drop 2 Dense 33 3 Nothing

Drop 3 Dense 40 11 Nothing Drop 3 Dense 32 8 Nothing

0 Hour Colony Counts
WT 1 yiaG 1

WT 2 yiaG 2

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 27 7 Nothing Drop 1 Dense 26 3 Nothing

Drop 2 Dense 30 5 Nothing Drop 2 Dense 22 3 Nothing

Drop 3 Dense 27 4 Nothing Drop 3 Dense 22 3 Nothing

Dilution # 0 -1 -2 -3,-4,-5,-6,-7 Dilution # 0 -1 -2 -3,-4,-5,-6,-7

Drop 1 Dense 28 4 Nothing Drop 1 Dense 25 2 Nothing

Drop 2 Dense 26 2 Nothing Drop 2 Dense 22 9 Nothing

Drop 3 Dense 24 3 Nothing Drop 3 Dense 23 2 Nothing

3 Hour Colony Counts
WT 1 yiaG 1

WT 2 yiaG 2
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Derivation of Fold Change Calculations for ygiW & yhhY 

Table B-9. Calculated fold changes for ygiW and yhhY 
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Derivation of Fold Change Calculations for flgM & yciH 

Table B-10. Calculated fold changes for flgM and yciH 
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Derivation of Fold Change Calculations for hicA & yoeB 

Table B-11. Calculated fold changes for hicA and yoeB  
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Derivation of Fold Change Calculations for yiaG 

Table B-12. Calculated fold changes for yiaG 
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Appendix C    
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Table C-1. Chart documentation of 0 GCT site genes 
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Appendix D 
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Table D-1. Chart documentation of 1 GCT site genes 
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