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ABSTRACT 

 

Chronic inflammation arising from metabolic endotoxemia (ME) is currently a widespread 

health concern with deep ties to the complex human microbiome. Gram-negative microbiota such 

as Escherichia coli possess lipopolysaccharide (LPS), a potent endotoxin and mediator of this 

chronic inflammation. Covalent modification of LPS with phosphoethanolamine (PEtN) has been 

shown to exacerbate this response, so understanding the genetic regulation of PEtN modifications 

is essential to fully understanding ME. Different strains of E. coli, however, have a spectrum of 

basal PEtN expression despite there being 100% DNA sequence conservation within the PEtN 

modifying gene promoter itself.  Methods to identify these strain specific alleles are thus needed. 

We have constructed a two-component genetic reporter system in E. coli K-12, a strain normally 

silent for LPS modification, that allows us to introduce and positively select transposon linked 

alleles from other strains of E. coli that specifically activate this modification pathway. By 

coupling PEtN activation to cell growth, we have used next-generation sequencing analysis to 

identify several putative alleles in strain E. coli BL21(DE3) that are responsible for constitutive 

expression of PEtN modifications. The reporter system that we have developed here can not only 

be applied to rapidly analyze any E. coli microbiome isolate in order to uncover specific PEtN 

regulatory alleles, but also to other promoter elements of interest.  
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Chapter 1  
 

Introduction  

The complex human microbiome is currently a subject of intense scientific scrutiny 

because research in this area could lead to actionable, personalized treatment solutions for patients 

with as-of-yet untreatable illnesses. The constituents of this community as well as its diversity 

have been discovered to play a role in human health. Characteristics of the host-microbiome 

relationship have been implicated in chronic issues like diabetes, obesity, and resultant 

cardiovascular diseases, the latter of which is predicted to claim the lives of over 23 million people 

by 2030 (1, 2). Gram-negative proteobacteria such as Escherichia coli, common inhabitants of the 

gut microbiome, possess an outer-membrane leaflet composed of lipopolysaccharide (LPS), also 

called endotoxin (3). LPS is one of several bacterial products, such as peptidoglycan, lipoteichoic 

acid, and flagellin, originating from the gut microbiota that can act as pathogen-associated 

molecular patterns (PAMPs) to induce an innate immune response (4, 5). The intestinal epithelia 

normally exclude these PAMPs from the bloodstream. Yet, evidence suggests that a high-fat diet 

can induce increased permeability of the intestinal wall, leading in turn to increased leaching of 

LPS into the bloodstream (4, 6). There, the LPS can interact with the Toll-like receptor 4 (TLR4) 

complex, a receptor in the innate immune system, specifically evolved to recognize the highly 

conserved structure of the Lipid A motif of LPS. After binding of TLR4 to LPS and receptor 

oligomerization, TLR4 stimulates the production of downstream signal pathways that ready the 

body for infection. One of the major modes of activation is through NF-əB, a transcription factor 
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that goes on to activate proinflammatory cytokines and Type 1 interferons (7, 8) (Figure 1).  In the 

case of increased intestinal permeability and increased LPS leaching, the TLR4 sensors can be 

overstimulated to induce a chronic, low level of inflammation (9, 10). This signal interaction 

results in a chronic, low-level of inflammation that can cause increased oxidative stress and organ 

damage, including, but not limited to, cardiovascular disease, as mentioned above. This chronic 

Figure 1: TLR pathway.  

An overview of the TLR4 signaling pathway that is able 

to activate downstream pro-inflammatory and 

immunological signals through several mediators by 

binding LPS 
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inflammation caused by high serum LPS levels is a condition called metabolic endotoxemia (ME) 

(1, 10). 

E. coli is capable of differentially and covalently modifying its LPS, specifically the 

immune-reactive Lipid A component, with positively-charged functional groups. These 

modifications include phosphoethanolamine (PEtN) and aminoarabinose (L-AraN), added by the 

inner membrane proteins, eptA and arnT, respectively (Figure 2).  These genes are under the 

control of the basSR, also called pmrAB, two-component system which activates these 

modifications when the bacterium is exposed to iron (Fe3+), mildly acidic pH, aluminum, vanadate, 

and growth-limiting magnesium (11, 12). The sensing protein, basS, detects these periplasmic 

metal ions, Fe3+most strongly, with an ExxE amino acid motif on a periplasmic domain. BasS 

Figure 2: LPS structure 

The Lipid A portion of LPS showing the possible sites of modification addition. PEtN (red) and 

L-AraN (blue) can be added onto either phosphate in any combination 
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autophosphorylates and then phosphorylates the transcription factor basR to engage LPS-

modifying genes (12). The system also responds to cationic antimicrobial peptides whose efficacy 

are limited by neutralizing the negative surface charge of the bacterium with these positively 

charged moieties (13). It was shown that the PEtN and L-AraN modifications confer resistance to 

polymyxin B, currently a clinically-important antibiotic of last resort (11, 14).  

Figure 3: NF-əB induction 

The data above demonstrate the relative NF-əB induction over increasing 

LPS concentration for various constructs of LPS. The closed shapes 

represent PEtN modified LPS and the open shapes represent unmodified 

LPS. The colors correspond to acylation states of the LPS. As LPS is 

digested, deacylases remove acyl chains before it is excreted. The disparity 

of induction between modified and unmodified LPS is most notable at lower 

acylation states, suggesting that digestion could actually increase the 

problem. 
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My lab group has determined that the PEtN modified LPS ligands dramatically increase 

TLR4 receptor signaling and inflammatory cytokine secretion via NF-əB, particularly in under-

acylated LPS chemotype variants (Figure 3).  We hypothesize that exacerbation of this 

inflammatory response through a highly PEtN-modified LPS population can further worsen the 

symptoms of ME. Additionally, my lab has determined through mass spectrometric analyses of 

LPS isolates from different E. coli strains that endogenous PEtN modification levels are highly 

variable. E. coli BL21(DE3) (strain B lineage) was found to have an abundance of the above 

modifications while E. coli BW25113 (K-12) was found to have virtually none (15). Comparative 

analysis of the promoter regulatory regions of the eptA and arnT genes between K-12 and B 

revealed no significant genetic differences. Currently, no other global genetic regulators of this 

system are known. Understanding the regulation of, and therefore the circumstances of induction 

for, these LPS modifications is critical to understanding the pathology of ME. Elucidation of this 

regulatory mechanism could pave the way toward understanding how microbiome diversity 

contributes to human health. With this information, new treatments options may be available for 

patients with ME.
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Chapter 2  
 

Reporter System Design and Construction 

Background 

In order to elucidate the genetic elements responsible for this regulation, I have 

developed an in vivo recombination reporter system in an E. coli K-12 background that will 

detect induction of LPS modifications. My reporter system is a fusion of two previously 

developed reporters: recombinase-based in vivo expression technology (RIVET) and selectable 

in vivo expression technology (SIVET) (16, 17). The RIVET portion of the system consists of 

the promoter for our genes of interest coupled to the phage resolvase gene whose product 

removes DNA between flanking resolution sites. Once the eptA or arnT promoter is activated by 

an external growth condition, mutation, or acquisition of an inducing allele through transduction 

of foreign DNA (i.e. from E. coli B), the strain expresses resolvase which can then interact with 

SIVET. SIVET consists of a nonfunctional chloramphenicol resistance gene that has been 

interrupted by a tetracycline resistance gene flanked by resolution sites. These sites interact with 

the resolvase protein to remove tetracycline resistance and restore chloramphenicol resistance 

only if the eptA/arnT driven RIVET promoter is activated (Figure 4).  To this reporter, I will 
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transduce random segments of DNA from a high-density transposon library constructed in E. coli 

B.  We hypothesize that there exist genetic regulatory elements in E. coli B that are capable of 

activating the promoters for modification when inserted into strain K-12. Colonies that have both 

a transposon from strain B and an activated reporter will be sequenced by next-generation 

Figure 4: Reporter system schematic. 

A workflow diagram demonstrating the interaction between the RIVET cassette, 

located at the glmS locus, and the SIVET cassette, located in the galK locus. 

Construction of this system is covered in Chapter 2 while validation is covered in 

Chapter 3. 
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sequencing (NGS) in order to determine the global genetic elements in E. coli B that are 

responsible for the constitutive expression of LPS modifications (Figure 5). Due to the digital 

nature of the reporter (i.e. chloramphenicol resistance/sensitive), we propose that this system will 

be able to identify weakly activating alleles. This offers a tangible benefit over classical gene 

Figure 5: Full experimental workflow.  

A full workflow diagram of the experimental procedure followed herein. First, a 

transposon library was generated in E. coli B. This library was then transduced via 

P1vir into our E. coli K-12 reporter strain (Chapter 4). After selection for the 

transposon, the reporter library was then plated on chloramphenicol to select for those 

bacteria that have an activated reporter. Genomic DNA was obtained from the 

unchallenged reporter library and the chloramphenicol-challenged library and 

submitted for next-generation sequencing (Chapter 5). 
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expression reporters, such as green fluorescent protein (GFP) and ɓ-galactosidase (lacZ), since 

the detection limit is not subject to assay sensitivity. A chloramphenicol-resistant colony is 

detected with the same effectiveness whether it arose from a strongly or weakly activating allele. 

Rather, the frequency of chloramphenicol resistance arising within the population dictates 

detection levels. 

Results 

First, we received strain K10447 from Dr. David Friedman (University of Michigan) which 

we then stocked as MYAS365. This strain, part of Friedmanôs SIVET system, contains the 

chloramphenicol resistance (catR) gene bisected by the tetracycline resistance (tetR) gene with 

flanking resolution sites, resC. This cassette sits directly in front of the catR gene promoter (7). 

The entire cassette is located in the galK locus. The SIVET cassette was amplified with primers 

AS553 and AS554 via PCR with NEBôs Q5® High-fidelity DNA polymerase (Q5 polymerase 

PCR). The purified SIVET fragment was then electroporated into E. coli BW25113 (K-12) 

containing the temperature-sensitive pKD46 plasmid which allows homologous recombination of 

DNA fragments by phage ɚ Red recombinase (8). This new strain, E. coli K-12 with the SIVET 

cassette, was dubbed MYAS382. 

Next, we received plasmids from Dr. Andrew Camilli (Tufts University) that contained 

portions of his RIVET 2.0 system. Plasmids pGOA1193, pGOA1194, and pGOA1195 contained 

the oriR6K pir product-dependent origin of replication, ampicillin resistance via bla, and the 

transcriptionally-coupled, promoterless resolvase (tnpR) and ɓ-galactosidase (lacZ) genes. The 

plasmids contained different versions of tnpR with mutations in the ribosomal binding site 
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(RBS)ðwild-type (TTTAGGA), mut168 (TTTAAGA), and mut135 (TTTGAGA), respectivelyð

that allow the tuning of their expression level (6). Primers AS561 and AS562 were used to amplify 

the tnpR-lacZ cassette directly from the plasmids via Q5 polymerase PCR. Likewise, the eptA and 

arnT promoters were amplified from E. coli K-12 wild-type genomic DNA with primers 

TM466/467 and TM450/465, respectively. I digested a pUC19 plasmid vector, the promoter 

segments, and the tnpR-lacZ cassettes with compatible restriction enzymes for end joining and 

then coupled the three pieces with a three-piece, intermolecular ligation. This resulted in six unique 

plasmids with each of the two promoters joined to each of the three versions of tnpR (dubbed 

RIVET cassette). These plasmids were named pASCwt, pASC168, pASC135, pASHwt, 

pASH168, and pASH135. These plasmids were then electroporated into StellarÊ competent E. 

coli cells and dubbed MYAS389, 390, 391, 392, 393, and 394, respectively. 

We performed a series of plating experiments in order to determine which of the tnpR 

alleles was the most effective. If the resolvase gene is too responsive, then there will be background 

activation of our reporter. Conversely, if the resolvase gene is not responsive enough, then we 

Figure 6: pSEVA plasmid map 

The significant portion (RIVET) of the pSEVA plasmids transformed into 

the SIVET-containing strain of E. coli K-12 to generate MYAS436, 437, 

and 439 with emphasis on the various RBSs. 
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could potentially lose activating alleles in the final experiment. Each of the three eptA-tnpR (wild-

type, mut135, and mut168) cassettes were cloned into a pSEVA vector and transformed into 

MYAS382ðthe SIVET-containing strain of E. coli K-12ðin order to generate strains MYAS436, 

437, and 439, respectively (Figure 6). Each of these three strains were grown in either inducing or 

non-inducing media designed to endogenously activate the eptA promoter. These formulations 

were developed according to the environmental factors that are known to regulate the basSR 

system (11, 12). For inducing conditions, we employed an N-minimal media with an acidic pH, 

limiting Mg2+ concentration, and a high Fe2+ concentration. For non-inducing, we employed an N-

minimal media with a basic pH and a limiting concentration of Mg2+ (18). The strains were then 

plated on either LB agar, LB agar with tetracycline (5 µg/mL) (Tet5) or LB agar with 

chloramphenicol (5 µg/mL) (Cat5) to select for inactivated or activated reporters. The experiment 

was repeated in triplicate, the cell counts were normalized, and the data was averaged (Table 1). 

The curing ratio, or the number of chloramphenicol-resistant colonies over the sum of tetracycline 

and chloramphenicol-resistant colonies was calculated (Table 1). We ruled out mut168 because 

the RBS was non-functional and the gene was never able to express resolvase even under inducing 

conditions. The wild-type version possessed a higher background of expression under non-

inducing conditions than mut135 which possessed a desirable balance between high curing under 

inducing conditions and low curing under non-inducing conditions. We ultimately chose to 

proceed with tnpR135 in our reporter constructs. 
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Table 1: TnpR Allele Plating Assay 

 Inducing Media (CFU) 

 MYAS436 (wt) MYAS437 (135) MYAS439 (168) 

Total (LB) 9.21E+09 6.72E+09 7.92E+09 

Tet5 6.67E+06 2.43E+07 6.96E+09 

Cat5 8.18E+09 6.49E+09 0.00 

Curing Ratio 0.999 0.996 0.000 

    

 Non-inducing Media (CFU) 

 MYAS436 (wt) MYAS437 (135) MYAS439 (168) 

Total (LB) 5.76E+09 3.86E+09 3.60E+09 

Tet5 8.73E+08 3.42E+09 6.61E+09 

Cat5 2.66E+09 1.19E+08 0.00 

Curing Ratio 0.753 0.034 0.000 

 

We tried a variety of methods and neutral loci insertion sites for the RIVET cassette in 

MYAS 382, the galK::SIVET-containing strain. Since, unlike the SIVET cassette, the RIVET 

Figure 7: Tn7 delivery system. 

An overview of the delivery system designed by Choi et al. that we used to deliver the 

promoter-resolvase cassette into the SIVET-containing strain. 
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cassette contains no selectable markers, we attempted to replace a pre-installed gentamicin-

resistance gene in order to impart negative selection for transformation. Even at different loci, this 

method failed. We ultimately employed a Tn7-based transposition method developed by Choi et 

al. (19, 20) (Figure 6).  This method relies on the delivery of two pir-dependent suicide plasmids, 

one of which contains the cassette to be inserted and the other, the transposase. When both are 

transformed into the target strain, the site-specific transposase will transfer the cassette into the 

glmS locus. The plasmids are then unable to replicate because they are no longer in a pir+ strain. I 

received the two plasmids, pTNS2 (the transposase plasmid) and pUC18R6K-mini-Tn7T-Gm (the 

delivery plasmid), and electroporated them into the TransformaxÊ EC100DÊ pir-116 

electrocompetent E. coli to generate strains MYAS491 and 492, respectively.  From these strains, 

I was able to prepare larger quantities of the suicide plasmids. Primers Tm727 and Tm729 were 

used to amplify eptA-tnpR135-lacZ from MYAS391. This cassette, along with puC18R6K-mini-

Tn7T-Gm, were digested with BamHI and XhoI restriction enzymes to generate unidirectional 

compatible ends for intermolecular ligation. After ligation, this new plasmid was co-electroporated 

into MYAS382 (the SIVET strain) along with the helper plasmid, pTNS2, in order to generate 

MYAS510. MYAS510 is the complete reporter strain for the induction of PEtN modifications via 

eptA. The same procedure was used to generate the arnT reporter strain by extracting the arnT-

tnpR135-lacZ cassette from MYAS394 with primers Tm728 and Tm729. This reporter strain was 

dubbed MYAS590. 
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Methods 

Media ï Cells were grown in LB unless otherwise stated. Both inducing and non-inducing media 

contained N-minimal media (5mM KCl, 7.5mM (NH4)2SO4, 0.5mM K2SO4, 1mM KH2PO4, 

0.1mM Tris-HCL, 0.2% glucose, 38mM glycerol, and 0.1% casamino acids in water). Inducing 

media contained N-minimal media at pH 5.8 with 10mM Mg2+ and 100µM Fe2+. Non-inducing 

media contained N-minimal media at pH 7.7 with 10mM Mg2+. 

 

Polymerase Chain Reaction ï All PCRs were performed using New England Biolabs® Q5® High-

Fidelity DNA Polymerase. The protocol was followed according the NEBôs standard protocol. 

Extension time was adjusted based on the length of the desired DNA with approximately 20 

seconds per kilobase. The annealing temperature was adjusted based on the manufacturerôs 

recommendation for primers (21). All future PCRs described in this thesis were similarly 

performed. 

 

Red Recombinase Transformation with pKD46 ï Bacteria containing the pKD46 plasmid to be 

transformed was grown overnight in LB at 30°C and subsequently diluted 1:100 in LB media. The 

diluted culture was grown at 30°C for 2 hours or until the OD reached approximately 0.3 to 0.4. 

L-arabinose (0.2%) was added and the culture was grown for approximately an hour or until the 

OD was approximately 1.0. The culture was spun down for 5 minutes at 3000 RCF and the 

supernatant was poured off. The cells were washed once with ice cold water and twice with ice 

cold glycerol (10%). The cells were centrifuged again and all supernatant was removed. The cells 

were resuspended in 70µL of glycerol (10%) and mixed thoroughly via pipette. 3-5µL of the 

amplified DNA insert was added and the cells were electroporated at 1800V and 300ɋ. Afterward, 
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the cells were rescued with 1mL LB media and grown for 1-3 hours at 37°C. The cells were then 

plated on appropriate selection media and incubated overnight at 37°C. 

 

Ligation ï All DNA ligations were performed with New England Biolabs® T4 DNA Ligase 

according to their protocol and specifications. Molar ratios of DNA were calculated using NEBôs 

NEBioCalculatorÊ (22).  

 

Co-electroporation - 100µL of an overnight MYAS382 culture grown in LB media with 

tetracycline (5µg/mL) was inoculated into 10mL of LB media with tetracycline (5µg/mL) for 4 

hours. The 10mL culture was centrifuged for 5 minutes at 3000 RCF and the supernatant was 

poured off. The pellet was washed with 2mL of a 10% glycerol solution three times. The pellet 

was then reconstituted in 90µL of 10% glycerol. 50ng each of the purified pTNS2 and puC18R6K-

mini-Tn7T-Gm (containing either the eptA or arnT cassettes) plasmids was added and pipette-

mixed. The cells were electroporated in a 2mm cuvette at 2500V and 200ɋ. The cells were rescued 

with 1mL of LB media and incubated for 1.5 hours at 37°C. After incubation, the entire culture 

was plated on LB agar plates with gentamicin (10µg/mL) and HEPES buffer (20mM). After 

choosing colonies, they were substreaked on chloramphenicol, tetracycline, and carbenicillin in 

order to ensure that the cassettes had not cured and that the delivery plasmids were gone. The strain 

was confirmed by sequencing.  

 

tnpR Allele Assay ï Each of the pSEVA-containing strains (MYAS 436, 437, and 439) were grown 

overnight at 37°C in either inducing or non-inducing media, as described above. The OD of the 

cultures was taken and the cultures were then diluted by an appropriate factor for plating. 100 µL 
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of each of the six strains was then plated on either LB agar, LB agar with tetracycline (5 µg/mL) 

or LB agar with chloramphenicol (5 µg/mL). 
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Chapter 3  
 

Reporter System Validation 

Background 

Now that the system has been constructed, it was employed to validate the initial theory 

that that the difference in modification level between K-12 and B was due to regulation of the eptA 

or arnT genes at the transcriptional level. Another possibility could have been that the lack of 

modification on K-12 was due to a strain-unique enzyme that facilitated removal after their 

addition. In order to debunk this, we used the ɓ-galactosidase-producing gene lacZ that is also 

coupled to the promoters in the RIVET system. Strains that produce ɓ-galactosidase will react with 

the substrate o-nitrophenyl-ɓ-galactoside (ONPG) to produce a yellow color in proportion to the 

activity of lacZ. This provides a quantitative link between the activity of our promoter and the 

absorbance of the ɓ-galactosidase reaction. In addition to MYAS510 and MYAS590, both within 

E. coli K-12, we generated two more strains by moving the RIVET-lacZ reporter cassette by P1vir 

transduction into E. coli B. Since the pUC18R6K-mini-Tn7T-Gm vector contained a gentamicin-

resistance marker (GmR) that was also inserted during transposition, we were able to select for 

gentamicin in the transduction in order to move the RIVET cassette. The eptA cassette in E. coli 

B was dubbed MYAS591 and the arnT cassette in E. coli B was dubbed MYAS604. These four 

strains, MYAS510, 590, 591, and 604, were then grown in either LB as a control or one of two 

media conditions outlined in Chapter 2: inducing for LPS modification (dubbed ñinducingò) or 

non-inducing for LPS modification (dubbed ñnon-inducing) (18). The expression level of the 
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promoters under each condition was then assessed quantitatively through the coupled lacZ gene 

via an adapted Miller assay (23, 24) (Figure 8). 

Before the system could be used, we had to ensure both that it worked and that it operated 

at a sufficient sensitivity. To test this, MYAS510 was grown in both inducing and non-inducing 

media conditions. Each culture was then plated onto LB agar, LB agar with chloramphenicol, and 

LB agar with tetracycline in normalized amounts. The LB agar plates acted as a control to ensure 

that the total colonies on chloramphenicol and tetracycline are equal to the total before selection. 

Theoretically, under inducing conditions, the strains should lose tetracycline resistance and gain 

chloramphenicol resistance. Likewise, under non-inducing conditions, the strains should remain 

tetracycline resistant and not gain chloramphenicol resistance. Therefore, I determined the measure 

of curingðthe result of the reporter undergoing activation to become chloramphenicol 

resistanceðto be the ratio of chloramphenicol resistance colonies over the sum of tetracycline and 

chloramphenicol resistant colonies (Figure 10). 

Results 

The Miller assay shows full lacZ activity for both reporter cassettes in E. coli B 

irrespective of the media conditions. Conversely, both strains of E. coli K-12 only showed lacZ 

activity when grown in inducing media conditions. In all three media conditions and in each 

strain, there was roughly a fourfold increase in activity for the arnT cassette over eptA.  
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The curing assay demonstrated almost complete curing for both strains under inducing conditions 

and nearly no curing under non-inducing conditions (Figure 8).  

 

 

 

 

 

 

Figure 8: ɓ-galactosidase activity assay. 

The activity of the eptA or arnT promoter as determined by coupling with lacZ and assaying 

via ɓ-galactosidase activity. The assay was performed on each of the two promoter cassettes 

in either E. coli K-12 or B grown in inducing or non-inducing media with LB as a control. 
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Figure 9: Curing assay example 

The results from one trial of the curing assay for 

MYAS510. Results are representative of three 

independent experiments 
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Discussion 

When present in E. coli K-12, neither the eptA nor arnT promoter displays any activity 

when grown in LB or non-inducing conditions. These promoters only display activity when present 

in strictly inducing conditions. Conversely, when the promoters are present in E. coli B, they show 

constant activation, even under non-inducing conditions. These results demonstrate that there is a 

genetic basis for the differential expression of LPS modifications between E. coli K-12 and B that 

is unrelated to the promoter element itself. Whereas eptA and arnT seem to be constantly 

Figure 10: Curing ratio validation.  

The results of the curing assay. Each strain was grown in inducing or non-inducing conditions and 

plated on LB as a control, tetracycline, and chloramphenicol. The results are averaged over three 

trials of each.  
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suppressed in K-12, they are constitutively active within B (Figure 8). With this information, we 

could confidently move on to search for the activating alleles in B that are responsible for this 

effect. 

The curing assay demonstrated that each of the two reporter strains possess very little 

spontaneous curing of the reporter cassette in the absence of any inducing factor. Ultimately, this 

bodes well for the level of background in the final experiment using the reporter system. Also, the 

reporter experiences nearly 100% curing in the presence of inducing factors. The data in Figure 10 

demonstrate that the reporter system approximates a digital, binary system where induction can 

easily be differentiated from non-induction irrespective of inductive strength. It offers superiority 

over spectrophotometry-based assays such as GFP-coupling, for example. Using a promoter-GFP 

cassette to identify activation of modifications relies on a fluorescence spectrum that imparts a 

heavy background signal and relies on qualitative cut-offs to examine potential inducing 

conditions.  

Methods 

Media ï Cells were grown in LB unless otherwise stated. Both inducing and non-inducing media 

contained N-minimal media (5mM KCl, 7.5mM (NH4)2SO4, 0.5mM K2SO4, 1mM KH2PO4, 

0.1mM Tris-HCL, 0.2% glucose, 38mM glycerol, and 0.1% casamino acids in water). Inducing 

media contained N-minimal media at pH 5.8 with 10mM Mg2+ and 100µM Fe2+. Non-inducing 

media contained N-minimal media at pH 7.7 with 10mM Mg2+. 
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Mil ler Assay ï An overnight culture of the desired strain was grown in inducing and non-inducing 

media. The culture was diluted 1:50 into the fresh media of the same type and grown to an OD of 

0.5-0.6. Each culture was centrifuged at 5000 RCF for 2 minutes and the supernatant was poured 

off. The pellets were then reconstituted in 2 mL A media (60mM K2HPO4, 33mM KH2PO4, 7.5mM 

(NH4)2SO4, 1mM MgSO4·7H2O, 3.4mM Citric Acid·H2O, pH 7 in water). The A media wash was 

repeated once more. The cultures were then serially diluted by factors of ten in order to provide a 

range of concentrations from which to obtain data. Cells were lysed by diluting 100µL of a given 

cell dilution with 900µL Z buffer (1mM MgSO4·7H2O, 10mM KCl, 40mM NaH2PO4·2H2O, 

60mM Na2HPO4, 50mM ɓ-mercaptoethanol, pH 7 in water), 100µL chloroform, and 50µL 0.1% 

SDS. This reaction was performed in duplicate for each concentration in order to provide enough 

reaction mix for ten time-points. The reaction mix was vortexed vigorously for 10 seconds and 

then incubated for 10 minutes at 30°C. The aqueous layer was transferred to a new tube. 200µL of 

o-nitrophenyl-ɓ-galactoside (ONPG) (4 mg/mL in A media) was added to each reaction mixture 

at the same time, the mixtures were briefly vortexed, and a timer was started. Before the first time-

point at 5 minutes, 200µL of each reaction was aliquoted into rows of a 96-well plate. At each 5-

minute interval, 83µL of Na2CO3 (1M) was added to the successive column to quench the 

reactions. The 96-well plate was then spectrophotometrically analyzed at absorbances of 420 nm 

and 550 nm. A graph of (Miller Units x Time) was plotted against time. Miller Units x Time was 

calculated as ρπππ
Ȣ

Ȣ
. The slope of the linear portion of this graph was taken to 

be Miller Units. The Miller Units were then averaged for each time-point for the appropriate 

concentration of cells.  
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Lysate Preparation ï An overnight culture of the donor strain was grown in LB at 37°C and then 

diluted one hundred-fold in 20mL LB (with 0.2% glucose, 5mM CaCl2) in a baffled flask. The 

culture was grown for 1 hour at 37°C. Then, 50µL of P1vir bacteriophage was added. This was 

incubated for approximately 3 hours or until lysis occurred. The culture was then centrifuged at 

3000 RCF for 10 minutes. The supernatant was filter sterilized and stored at 4°C. 

 

Transduction ï An overnight culture of the recipient strain, grown in LB at 37°C, was centrifuged 

at 4500 RCF for 2 minutes. The supernatant was discarded and the pellet was resuspended in a 

half volume of LB (with 10mM CaCl2, 5mM MgSO4). 100µL of the recipient cells were mixed 

with 100µL of serially diluted lysate or 100µL of the above LB as a control. This mixture was 

incubated in a 37°C water bath for 30 minutes. Then, 200µL of citric acid (1M) was added to each 

reaction mixture before combining the whole mixture with 1mL of LB media. The mixture was 

incubated for another hour at 37°C. After incubation, the cultures were pelleted in a centrifuge at 

4500 RCF for 2 minutes, washed once with LB media, and then resuspended in 100µL LB media. 

The culture was plated on selective agar media and grown at 37°C. 

 

Curing Assay ï An overnight culture from a glycerol stock of the desired strain was grown in both 

inducing and non-inducing conditions. The cultures were then centrifuged at 4000 RCF for 2 

minutes and then the supernatant was removed. The pellets were reconstituted in LB and grown 

for 1 hour at 37°C. The OD600 of each culture was taken. The inducing culture was diluted to 

normalize its OD600 to the non-inducing culture. Both cultures were then diluted by a factor of 106 

and plated on LB agar, LB agar with chloramphenicol (5µg/mL), and LB agar with tetracycline 

(5µg/mL).
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Chapter 4  
 

Transposon Library Construction and Transduction 

Background 

A full genomic screen of E. coli B for activating alleles necessitates a method for full-

coverage analysis of the genome. Transposons are an efficient and convenient method to 

thoroughly tag a genome with a selectable marker in a random fashion. By establishing linkage 

between all possible alleles and a selectable marker, we are able to sample this library for alleles 

that activate our reporter by transduction (Figure 5). NGS can be used to scan the genome for the 

linkages between E. coli B DNA and the transposon. After NGS, the identity of these inducing 

alleles can then be elucidated by locating the transposon and mapping the linked DNA back to E. 

coli B. Transposon mutagenesis coupled with whole-genome sequencing is a powerful tool for 

regulatory element sequencing in any number of microbiological application. Commercial 

transposon insertion kits are available to purchase; however, for our purposes, we worried that 

they would not provide the genome coverage that was necessary to screen for allelic differences 

and not just entire open reading frames. We employed a mariner-based transposon system which 

affords advantages over other transposons because of its low site-specificity. It only requires a TA 

dinucleotide for insertion, allowing us to obtain high coverage in the B genome (25). The system 

that we employed was adapted from a system designed in Staphylococcus aureus using the HMAR 

transposon and transposase (25). The principle is to separate the mobile element from the 

transposase and place them each on conditionally-replicative plasmids. The transposon-containing 
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plasmid contains a pir-dependent origin of replication and is grown in a pir+ strain in order to 

recover purified plasmid. Meanwhile, the transposase-containing plasmid contains a temperature-

sensitive origin of replication that only permits growth at 30°C instead of 37°C. The transposase 

gene itself is also under the control of the arabinose-inducible araBAD promoter. The transposase 

plasmid is electroporated into pir_ E. coli B and grown without arabinose at 30°C. The transposon 

plasmid is electroporated into this strain which is then grown at 37°C with arabinose. The 

transposase plasmid expresses transposase so that the transposon cassette can move into the 

genome. Antibiotic resistance to kanamycin will only be obtained if the transposon hops from the 

plasmid into the chromosome; otherwise, both plasmids fail to replicate and are lost. This system 

is designed so that only one transposon is inserted per bacterium. It also limits the amount of 

transposase expressed as it is cytotoxic. 

Random 90 kilobase portions of the E. coli B library was then to be transduced into our 

reporter strains, MYAS510 and MYAS590, via P1vir. This new library was then selected against 

kanamycin to select for strains of the reporter that received a transposon. After repeating the 

transduction and selection to ensure high-density coverage of the transposon, we further subjected 

this pool to chloramphenicol selection to enrich for strains that both received a transposon and 

activated the RIVET-SIVET reporter system. 

Results 

A Q5 polymerase PCR was performed to amplify the C9 HMAR transposase from the 

pWV01 plasmid with primers TM903 and TM904 to add extensions containing ligation 

compatible restriction sites. Purified pKD46 plasmid containing a temperature-sensitive origin of 
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replication was used as the template in another Q5 polymerase PCR to amplify the vector backbone 

with primers TM909 and TM910. The C9 HMAR transposase was then cloned into the pKD46 

vector with In-Fusion cloning and then transformed into commercially competent E. coli (Figure 

11). The plasmid was recovered and digested to check for cloning accuracy. After confirmation, 

the plasmid containing strain was stocked as MYAS654. This strain must be grown at 30°C in 

order to propagate the plasmid. 

Next, we constructed the transposon-containing (Tn) suicide plasmid. We engineered this 

plasmid with a cosmid packaging site (cos) and a conjugation site (oriT) so that we would have 

other delivery options in case electroporation yielded too low of an efficiency. However, before 

we could generate the plasmid, we first had to insert the kanamycin-resistance marker (kanR) into 

the transposon cassette itself. KanR was amplified by Q5 polymerase PCR from pKD4 with 

Figure 11: Plasmid maps of transposon library generation system 

The plasmid maps showing the relative genetic components of the Tn cassette plasmid (left) and 

the temperature-sensitive C9 HMAR transposase plasmid (right). 






















































