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Abstract 
 

 
The Bacteriophage Lambda (λ) T4rII exclusion (Rex) system is a finely tuned antiviral defense 

mechanism in Escherichia coli (E. coli) lysogens that prevents the propagation of T4rII mutant 

bacteriophage. This exclusion phenotype is defined as the inability of T4rII mutant bacteriophage to 

propagate within λ-lysogenized E. coli cells. This phenomenon is encoded by two genes of λ (rexA and 

rexB), whose expression is primarily regulated and driven by the λ PM promoter under the regulation 

of the λ cI repressor gene. The T4rII infection of Rex+ lysogen triggers the onset of the Rex phenotype. 

It is characterized by a harsh cascade of cellular responses, including rapid membrane depolarization 

and the induction of a stress environment that mimics the physiology of the stationary phase. In 

addition, the disruption of the RexA:RexB balance, particularly the overexpression of rexA relative to 

rexB, can lead to the same manifestations without infection, indicating that the stoichiometry of 

RexA:RexB is relevant. Rex “activation” results in significant cell death and has been proposed to serve 

as an altruistic cell death system to protect the species. In contrast, despite some cell killing, infected 

lysogens do, to an extent, recover from Rex activation. As such, the phenotype may additionally serve 

as a mutualistic mechanism that protects both the λ prophage and its stability, as well as its host, by 

limiting superinfection. For a long time, researchers have hypothesized that E. coli host proteins are 

involved in this pleiotropic phenotype and identifying them has been a key goal in elucidating the Rex 

mechanism. 

Notably, Rex activation depends not only on gene expression and the stoichiometry of RexA to RexB 

but also on an optimal monovalent cationic environment, underscoring the importance of membrane 

ion channels and transport systems. Identifying all host mutations that attenuate or abrogate Rex will 

help in understanding the role of individual components, directly or indirectly, in triggering and 



 

  

 

vi  

inducing the cellular (physiological) manifestations of the Rex phenotype. While many E. coli 

membrane proteins control the passage of solutes and ions through the membranes, mutations in these 

proteins may disrupt the ionic environment, thereby resulting in the attenuation or abrogation of Rex. 

This finding was observed and confirmed by the deletion of several outer membrane proteins, including 

ompW, ompX, ompA, and ompF (Alattas et al., 2020). Beyond these membrane-associated proteins, the 

ability of additional genetic and regulatory components to modulate and influence Rex and Rex escape 

to varying degrees was demonstrated, including tolA, mglC, and rpoS (S). Several of the identified 

genes play a critical role in cellular osmotic balance and are governed by the stationary phase sigma 

factor (S) or envelope stress sigma factor (E) as part of the stationary phase and/or envelope distress 

regulons, under the control of many non-coding regulatory small RNAs. The impact of mutations in 

these regulatory proteins on Rex activity was examined following superinfection by T4 and T4rII, and 

the role of the S regulatory proteins, including RssB and IraD, in the Rex and Rex escape mechanisms 

was reported for the first time. However, the mechanism by which this occurs remains unclear.  

The impact of fluorescence fusions on colony morphology and texture was investigated, showing 

variations in colony size among fusion sites and Rex types. These experiments suggested that the fusion 

site and the expression status of the partner significantly affect Rex activity, likely by interfering with 

proper protein folding, complex formation, or the stoichiometric balance of RexA to RexB. N-terminal 

fusions severely attenuated Rex activity, while dual N-terminal tagging almost entirely abolished it. In 

contrast, C-terminal fusions only partially affected Rex activity, with dual C-terminal fusions showing 

minimal impact on exclusion capability. 

Together, these findings highlight the Rex system as a multifactorial, tightly regulated antiviral 

mechanism that integrates gene stoichiometry, membrane composition, sigma factor regulation and its 

RNA-mediated control. This work adopts a genetic approach to enhance and refine the existing model 

of Rex-mediated T4rII exclusion, leading to a new model of Rex that offers new insights into its 
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underlying molecular determinants and paves the way for further exploration of bacteriophage-host 

dynamics, superinfection exclusion strategies, and programmed cell death in prokaryotes. 
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While they don’t code for proteins, they play several important regulatory and 

structural roles 

 

IraD Anti-adaptor protein binds to RssB; stabilizing RpoS by inhibiting RssB-

mediated degradation by the ClpXP protease 

IraM Anti-adaptor protein binds to RssB; IraM stabilizes RpoS, allowing it to 

accumulate and activate the transcription of stress response genes 

https://en.wikipedia.org/wiki/Translation_(biology)
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IraP Anti-adaptor protein binds to RssB; IraP prevents RpoS degradation, 

thereby stabilizing RpoS levels during stress conditions 

IPTG Isopropyl β-D-1-thiogalactopyranoside; inducer of lac operon  

IS10 Insertion sequence element in Tn10 transposon  

IU International unit 

K Kilo unit; 1000 times 

KmR Kanamycin antibiotic resistance marker. Cells are not inhibited by the presence 

of kanamycin antibiotic 

KmS Kanamycin-sensitive phenotype; cells cannot grow in the presence of kanamycin 

antibiotic  

 

Lac E. coli operon comprised of lacZ-Y-A genes and required for cellular metabolism 

of lactose 

LacZ β-galactosidase; hydrolyses lactose 

LamB Maltoporin, a type of outer membrane protein primarily found in Gram-negative 

bacteria like E. coli. 

LIN T4 lysis inhibition phenotype; phage inhibition of host lysis in response to 

adsorption of secondary T-even phage 

Lpp Lipoproteins, crucial components of the bacterial cell envelope, especially 

in Gram-positive and Gram-negative bacteria 

LPS Lipopolysaccharide 

MazF Stable toxin functioning as an mRNA endoribonuclease; cleaves mRNA at ACA 

sites, halting protein synthesis and leading to cell death 

 

MazE Labile antitoxin that binds to and neutralizes MazF under normal conditions; 

rapidly degraded under stress, allowing MazF to act 

MCS Multiple cloning site; a short DNA segment in plasmids containing numerous 

restriction sites for molecular cloning or sub-cloning procedures 
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MeGal 

permease 

Methyl-Galactoside permease enzyme required for galactose and galactoside 

transport  

micA (MicA 

RNA) 

Small RNA besides rybB, regulated by σE; downregulates ompA, ompC and 

ompW 

 

MicF Small non-coding RNA in E. coli and other Gram-negative bacteria; regulates 

gene expression post-transcriptionally in response to environmental stress 

 

MglABC β-Methyl-Galactoside Transport System; includes ATP-binding proteins (MglA), 

two integral transmembrane proteins (MglC), and solute-binding protein (MglB) 

 

motA T4 transcription modulation gene that also called rim gene (Rex Immunity gene); 

mutation in the motA gene reverses Rex exclusion  

 

MOI Multiplicity of infection; ratio of infective phage per bacterial cell  

N-terminal The end of a polypeptide with a free amino group (-NH₂); synthesized first during 

translation 

 

mRNA Messenger RNA; carries genetic information from DNA to ribosomes for protein 

synthesis 

MW Molecular weight unit (in Daltons); pure atomic weight  

 

N λ anti-terminator protein; binds to nutR and nutL sites to bypass transcription 

terminators.  

 

NADH Nicotinamide adenine dinucleotide (reduced form); key coenzyme in cellular 

energy metabolism, especially in energy production 

NDH-1 NADH dehydrogenase I; multi-subunit enzyme in the aerobic respiratory chain 

ncRNAs Non-protein coding RNAs; RNA molecules not translated into proteins 

O λ replication initiator protein; O binds iteron (int4) sequences at ori 

O/N Overnight  

Omp Outer membrane protein in Gram-negative bacteria; regulate cellular osmolarity 

and nutrient uptake  
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OmpA Outer membrane protein in Gram-negative bacteria; multifunctional structural 

protein found in the outer membrane 

OmpC Outer membrane porin protein in bacteria; upregulated in high osmolarity and 

facilitates passive diffusion of small hydrophilic molecules (e.g., sugars, ions) 

OmpF Outer membrane porin protein in bacteria; upregulated in low osmolarity and 

facilitates passive diffusion of small hydrophilic molecules (e.g., sugars, ions) 

OmpR Response regulator protein, along with the sensor kinase KnvZ, in a two-

component system; controls expression of ompF and ompC 

OmpW Outer membrane protein involved in transport of small hydrophobic molecules 

OmpX Outer membrane protein involved in adhesion, biofilm formation, and host 

interaction 

OL  leftward promoter; regulates the strong promoter, PL   

OR  rightward operator; regulates the strong promoter, PR. 

PE λ establishment promoter; stimulated by CII 

oop λ functional RNA that attenuates Rex exclusion when expressed from multicopy 

plasmid 

ori  

 

Origin of replication 

Pal peptidoglycan-associated lipoprotein 

PCR polymerase chain reaction; amplifies DNA sequences 

phoA fusion Alkaline phosphatase is encoded by the phoA gene in E. coli. The phoA gene has 

a signal-sequence allowing export of alkaline phosphatase into the periplasm 

where it is active; due to the highly reducing environment, alkaline phosphatase 

is not active in the cytoplasm 

  

pfu Plaque forming unit; single immobilized phage that grows to form a plaque on an 

agar cell lawn. A means to calculate lysate titer and EOPs 

 

PL  leftward promoter; repressed by CI binding at OL operator 
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PLit  late immunity transcription promoter; located within the C-terminal of rexA and 

transcribes rexB 

PM  low-level maintenance promoter; stimulated by CI in a repressed prophage 

PR  right-ward promoter; repressed by CI binding at OR operator  

PFA Paraformaldehyde (4%) for fixation, preserves GFP fluorescence well 

PBS Phosphate-Buffered Saline, buffer solution to wash and remove any debris from 

bacterial cultures before fluorescence exams and imaging. It maintains osmotic 

balance. 

R6K 

 

Antibiotic-resistance plasmid in E. coli, requires   replication protein for 

initiation of plasmid replication 

r+ Wild type r loci 

RdgC Recombination-associated DNA-binding protein C; involved in regulation of 

homologous recombination, DNA repair, and replication fork repair and stability. 

 

Red   general recombination genes (exo, bet) 

ren  Rex suppressor gene 

RFP Red fluorescent protein 

 

Rex phenotype  Exclusion of T4rII mutants by  rex+ lysogen  

rexA-rexB  genes conferring exclusion of T4rII by a  lysogen 

Rex-centric 

mutualism 

Ability of rex genes to protect  lysogens from T4rII infection 

rho E. coli mRNA helicase (hexameric); dislodges RNA polymerase from DNA and 

mRNA, required for efficient termination transcription at Rho-dependent sites.  

 

RI T4 periplasmic protein that inhibiting T holin activity; essential for establishment 

of lysis inhibition 

rII (rIIA-rIIB) T4 genes enabling escape from Rex exclusion by a  lysogen 
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rIII T4 gene hypothesized to stabilize lysis inhibition by influencing interactions 

between rI and T genes 

 

rIV T4 gene aiding infection by repairing membrane damage during T4 adsorption 

and DNA injection 

 

r-type plaque Rapid lysis plaque morphology; large, sharp-edged plaques from T4 r mutants 

lacking lysis inhibition 

RT Room temperature  

RPM Revolutions per minute 

RNAP RNA polymerase (RNAP); essential enzyme responsible for transcribing genetic 

information stored in DNA into RNA 

RNA Ribonucleic acid 

RNAs (sRNAs) Small non-coding RNA molecules that regulate gene expression in prokaryotes 

and eukaryotes 

rpoE RNA polymerase sigma factor (σE) in E. coli, activated in response to envelope 

stress (e.g., hyperosmotic shock, metal ion, and outer membrane LPS changes) 

rpoS RNA polymerase sigma factor σS; master regulator of general stress response and 

stationary phase gene expression in bacteria 

RseA Anti-sigma factor that inhibits σE (RpoE), the sigma factor responsible for the 

envelope stress response 

RseP Intramembrane site-2 protease; cleaves RseA to activate σE (RpoE) in E. coli 

RssA Putative patatin-like phospholipase in E. coli 

RssB Response regulator-like adaptor protein; targets RpoS (σS) for degradation via 

ClpXP protease 

rybB Small RNAs, like micA, regulated by σE, down-regulates ompA, ompC and 

ompW 

  

rV, t T4 holin gene; forms inner membrane lesions for endolysin egress 
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S  holin gene; accumulates in host inner membrane and enables  endolysin egress 

to the periplasm 

 

Sec/YidC  Membrane protein insertion machinery in E. coli, essential for inserting and 

folding membrane proteins into the inner membrane. The system is critical for 

cell viability 

 

SraD RNA 

(MicA) 

Small non-coding RNA; expression inhibited in stationary phase; binds Hfq 

protein and regulates gene expression via antisense mechanism 

 

TcR Tetracycline antibiotic resistance marker; enables growth in tetracycline-

containing media 

TcS Tetracycline-sensitive phenotype; cells cannot grow in tetracycline-containing 

media  

 

t, rV  T4 holin gene; accumulates in inner membrane an enables T4 endolysin egress to 

the periplasm 

 

T4 Bacteriophage T4 

T5  Bacteriophage T5 

T7 Bacteriophage T7 

T-even  Family of phages with similar characteristics, including T2, T4, and T6 

timm  transcription terminator in early region; halts transcription unless overridden by 

N-mediated antitermination 

 

Tn10 Transposon with IS10 insertion elements; confers tetracycline resistance to 

recipients 

 

TN  

 

Tris-NaCl buffer 

Tol Bacterial protein that maintains outer membrane integrity and supports cell 

division 

TolB periplasmic protein plays a role in bacterial outer membrane integrity and cell 

division 
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TolQRA Inner membrane protein complex in Gram-negative bacteria and is involved in 

outer membrane integrity and helps with cell division 

TonB Energy transducer protein; works with ExbB and ExbD to harness proton motive 

force (PMF) 

tRNA Transfer RNA in E. coli; delivers specific amino acids to the ribosome during 

translation 

 Ts Temperature-sensitive phenotype  

tsp Tail-specific protease; periplasmic endoprotease that recognizes hydrophobic C-

terminal residues of periplasmic proteins  

unc E. coli genes encoding ATPase 

UV Ultraviolet light 

wt  Wild type 
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Chapter 1                                                                       

Introduction 

1.1 Introduction to the Lambda T4rII Exclusion (Rex) Phenotype 

1.1.1 The Foundation and Characterization of the Rex Phenotype 

The Lambda T4rII exclusion phenotype, also known as the Rex phenotype, is defined as the ability of rex 

genes (rexA, rexB) of bacteriophage lambda (λ) to prevent plaque formation by the mutant lytic 

bacteriophage T4rII on Escherichia coli lysogenized by λ (λ lysogen) (Figure 1-1; Benzer 1955).  

 

Figure 1-1. Lambda T4rII Exclusion Phenotype. Wild-type T4 phage can successfully infect and form 

plaques on both wild-type and λ lysogen lawns with nearly the same efficiency of plating (EOP~ 1), so 

plaques are visible even at very high dilutions of the stock (up to 10-10). In contrast, the T4rII mutant can 

form plaques on wild-type E. coli lawns but fails to produce plaques on λ lysogen lawns, even at undiluted 

or at very low dilutions (e.g., 10-2), reflecting strong Rex-mediated exclusion.  
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The Rex phenotype was discovered in the mid-twentieth century by Seymour Benzer, who noted that while 

the wild-type lytic T4 bacteriophage was able to replicate and generate plaques on a lawn of E. coli λ 

lysogens, the mutant T4rII phage, which is missing the rII gene, exclusively could not (Benzer 1955). 

Benzer successfully mapped the rIIA and rIIB genes of bacteriophage T4 by employing a genetic selection 

method based on plaque morphology. Mutations at the r loci led to a different plaque morphology (large 

with sharp edges) relative to the wild-type r+ morphology (small, fuzzy edges; Benzer 1959; 1962). This 

selection technique played a crucial role in establishing our current understanding of the central concept of 

homologous recombination and in revealing the triplet nature of the genetic codon and the principles of 

genetic analysis (Benzer 1959, 1962). Applying this unique exclusion phenotype system, thousands of T4rII 

mutants (both point mutation and deletion) were isolated and mapped by complementation and 

recombination experiments that examined the frequency of rII+ recombinant formation. While the Rex 

system has sufficiently demonstrated its ability to exclude rII mutants with a genetic reversion frequency 

of ≤10−8, some of the isolated rII mutants were able to form very small plaques (r+ like morphology) on E. 

coli lysogens. Benzer proposed that these “leaky” mutants retained some residual RII function, enabling 

them to behave like wild-type bacteriophage T4rII+ (Benzer 1959; 1962). As infection of λ lysogens by the 

T4rII mutant was associated with a significant level of cell death, Benzer concluded his observations by 

proposing the Rex system as a cell-killing mechanism (Benzer 1959; 1962).    

Parma et al. (1992), aligning with Benzer’s original discoveries, proposed the Rex system as a mechanism 

for altruistic cell death. They theorized that Rex-mediated death would be “triggered” upon superinfection 

of the lysogenic host by a Rex-sensitive phage like T4rII. A “superinfecting” phage refers to a second phage 

infecting a bacterium already carrying a prophage. In this model, Rex serves as a defense mechanism for 

the population, guiding the prophage to eliminate its host. This suggests that the λ prophage prefers self-

destruction over allowing a competing phage to thrive within its infected host population. In essence, 
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triggering Rex leads to the death of the prophage, superinfecting phage, and the infected bacterial host 

(Maclean et al.,1974). This Rex-mediated death/altruistic cell death model proposed by Parma et al. (1992) 

provided the sole mechanistic and phenomenological explanation model for the Rex system mechanism up 

until later refinements.  

Slavcev et al. (2001; 2003) later proposed another possible mechanism of Rex, based on the observed 

physiological manifestations associated with Rex activation on the host cell. This model suggested that the 

Rex system shunts cells into a stationary phase-like state. This cellular environment is harsh but reversible. 

It is associated with some cell death; however, it crucially prevents the spread of the superinfecting phage. 

 

1.1.2 The Bacteriophage Lambda rex Genes and Immunity Regulator 

Lambda bacteriophage, also known as Enterobacteria phage , has a double-stranded DNA genome that is 

approximately 48,502 base pairs long and specifically infects the E. coli bacterium (Lederberg and 

Lederberg 1953; Casjens and Hendrix 2015). Upon infection, lambda can undergo either lytic or lysogenic 

life cycles, and the decision to choose one pathway over the other depends on the environmental conditions 

and the physiological status of the host cell (Hoess et al., 1980; Van Duyne and Landy 2024). In the lytic 

phase,  phage DNA replicates using the host’s machinery and all phage genes are transcribed and 

translated to produce new phage proteins. When sufficient proteins are made, all phage particles are 

assembled within the host cell. Later, when new phages are ready to leave the cell, the host cell is lysed to 

release new progeny and is ready to infect other E. coli cells and start a new lytic cycle (Lee et al., 2018; 

Van Duyne and Landy 2024). However, if the environmental conditions are favourable, the  phage would 

enter the lysogenic cycle by integrating its own DNA into the host bacterial chromosome. The integrated 

phage DNA, known as a prophage, is replicated along with the host cell DNA and remains dormant for 

several generations until the environment changes. Under certain stress conditions, the prophage can be 
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excised from the host genome and enter the lytic cycle (Figure 1-2; Groth and Calos 2004; Court et al., 

2007; Van Duyne and Landy 2024).   

 

 

 

 

Figure 1-2. Replication Cycles of Bacteriophage λ. Upon infecting an E. coli cell, the bacteriophage  

infects the cell and injects its DNA into the host cell. In the lysogenic cycle, the phage DNA integrates 

into the bacterial genome, forming a prophage that is passively replicated as the host cell divides. Under 

stress conditions, the prophage may excise from the bacterial genome and enter the lytic cycle. In the lytic 

cycle, the phage DNA is actively replicated, and phage proteins are synthesized and assembled into new 

virions. The host cell is eventually lysed, releasing the newly formed phage.    
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Lambda rex Genes: The Rex system, which governs the exclusion phenotype, is encoded by the phage λ 

immunity region (λimm), which determines the infective “lifestyle” of the phage. This immunity operon 

consists of the λ cI repressor and rexA-rexB genes flanked by the leftward and the rightward operators (OL, 

OR). These operators connect to the regulator λ CI repressor and control both rightward (OR) and leftward 

(OL) expression of all remaining λ genes. Operators OL and OR selectively block the strong leftward (PL) 

and rightward (PR) promoters, respectively, during the λ lifecycle (Figure 1-3; Heinemann and Spiegelman 

1970; Echols and Green 1971; Meyer et al., 1980; Li and Susskind 1994; Thomason et al., 2021). 

 

 

Figure 1-3. Immunity Region of Phage λ and Maintenance of Lysogeny. The λ repressor CI maintains 

lysogeny by binding to operator sites OL and OR, which overlap the promoters PL and PR, respectively. The 

PE promoter, located upstream of the cI gene and activated by CII, initiates transcription for repressor 

establishment. The PM, the promoter for repressor maintenance, overlaps OR and maintains low-level cI-

rexA-rexB transcription during lysogeny. CI binds to OR repressor transcription from PR and stimulates 

transcription from PM, ensuring the continued expression of cI. The genes rexA and rexB are co-transcribed 

with cI. Figure key: Red circles: Terminators, Blue circles: Promoters. 
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The λ PM-cI-rexA-rexB-timm operon is a 2,112 bp locus from 37,940 to 35,828 bp of the 48,512 bp 

λ genome. Promoter PM is located at λ 37,940 bp and overlaps OR, where the transcription of rex 

genes along cI repressor in a repressed λ prophage progresses from PM through the terminator timm 

at 35,804 bp (Figure 1-4; Hayes and Szybalski, 1973; Daniels et al., 1983).  

 

 

 

Figure 1-4. Portion of the Immunity Region from Phage λ. The Operator sites OL and OR are critical 

regulatory elements that, when bound by the CI repressor, inhibit transcription from the leftward (PL) and 

the rightward (PR) promoters, respectively to maintain lysogeny. The terminator timm halts transcription 

initiated from the PLit promoters, which drive expression of rexB, as well as transcription from 

the maintenance promoter PM and the strong establishment promoter PE, which transcribes the cI-rexA-

rexB operon. 
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Rex and the Lysogenic State: Bacteriophage λ is a temperate phage capable of executing both lysogenic 

and lytic replication cycles when it infects E. coli. The λ immunity region controls lysogeny proteins in 

addition to “deciding” which cycle is established and (in the case of lysogeny) maintained. Once an 

uninfected E. coli host is infected by λ, the λ phage DNA is delivered through the attachment site, LamB 

protein, triggering the immediate activation of PR and resulting in cII expression. The CII protein, although 

unstable, is a potent transcriptional activator of the gene expression under the control of the lysogenic 

Establishment promoter (PE), leading to a surge in cI-rexA-rexB transcript production (Echols and Green 

1971). This mRNA surge promotes lysogeny and is crucial for the lysis-lysogeny decision, also known as 

the "genetic switch", during phage infection (Echols and Green 1971; Thomason et al., 2021). The 

expression of the cII gene is necessary for establishing the lysogenic state, whereas cI represses cII during 

the maintenance of the lysogenic state (Echols and Green 1971). Thus, the CI repressor is crucial for 

maintaining the λ lysogenic state, but does not alone determine the lytic-lysogenic decision. 

λ prophage confers lysogeny and maintains this state as long as the repressor maintenance promoter (PM) 

is stimulated. The repressor CI binds to the operator OR at a low transcript level (lysogeny “maintenance” 

level) through the PM-cI-rexA-rexB-timm operon and is autoregulated by binding Cl to OR, conferring 

repressor production and a Rex+ “ready” state (Heinemann and Spiegelman 1970; Meyer et al., 1980). 

Accordingly, the expression of rexB-rexA in a λ lysogen depends on transcription initiated from PM, which 

is modulated by the autoregulatory effect of CI at PM (Echols and Green 1971; Thomason et al., 2021). 

Therefore, the CI repressor's binding to OR fulfills two key roles: 1) it represses the expression of all lytic 

genes during lysogeny (Meyer et al., 1980; Ptashne 1986, 2004, 2006; Thomason et al., 2021); 2) the CI 

repressor's expression continues to sustain a lysogenic state (Meyer et al., 1980; Ptashne 1986, 2004, 2006; 

Thomason et al., 2021).  
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Rex and λ Late Immunity Transcripts (LIT): The Rex operon is positively regulated and maintained in 

the lysogenic state under the autoregulation of the CI repressor at PM. When encountering harmful signals, 

such as the presence of a mutagen or other stressors, the repressor CI is cleaved as part of the cellular SOS 

response, resulting in its loss of ability to repress transcription from the strong promoters PR and PL (Fix 

1993). The transcription from PR is stimulated and, in turn, initiates transcription of the “lysis-inducing 

gene” cro (a co-repressor). The prophage is then derepressed, and the cell leaves lysogeny to enter the lytic 

phase (Fix 1993; Thomason et al., 2021). Within the λ PM-cI-rexA-rexB-timm operon, an extra promoter 

exists downstream of RexA that directs λ Late Immunity Transcription (LIT; Figure 1-4). LIT is governed 

by two promoters (Plit1 and Plit2) and upon activation during λ prophage de-repression, Plit1 initiates 

transcription from the rexB gene and leads to the high expression level of rexB gene (rexB-biased) in the 

absence of the rexA or cI genes (Hayes et al., 1997; 2003). This scenario may clarify how λ can evade its 

own exclusion mechanism and persist thanks to the favoured disproportionate ratio of RexB to RexA 

(discussed in detail in Section 1.1.3.1). The first promoter, Plit1, is strong, influential, and inducible, whereas 

the second promoter, Plit2, is weaker and constitutive. Another λ gene, oop, may also support and protect the 

λ prophage by surviving its own exclusion system, stimulating the Plit1 promoter (Hayes et al., 1997). The 

oop gene encodes a functional RNA that acts as an antisense RNA to downregulate CII (Krinke et al., 1991). 

Overexpression of rexB in the absence of rexA (e.g., from a strong promoter, such as Plit1) leads to the 

abrogation of Rex. It permits the superinfecting phage to propagate, conferring the Rex¯ phenotype (Hayes 

et al., 1997).  

While cI stimulates its own expression and the expression of rexA and rexB genes, the CI repressor is not 

essential for Rex function. For instance, transformed cells carrying plasmids co-expressing the rexA and 

rexB genes without cI have been demonstrated to confer the Rex phenotype during subsequent infections 

by T4rII phage (Shinedling et al., 1987; Snyder and McWilliams 1989). The Rex phenotype requires both 
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RexA and RexB gene products to confer the phenotype and exclude T4rII from plating; mutation of either 

gene leads to the loss of the exclusionary phenotype, allowing the T4rII mutant to restore its plating capacity 

(Matz et al., 1982).  

 

Properties of RexB: The RexB gene product is a 16 KDa polytopic transmembrane protein that may act as 

an ion channel on the host cell’s membrane (Landsmann et al., 1982). The topology of the RexB protein 

was first analyzed through alkaline phosphatase fusion analysis (phoA fusion; Parma et al., 1992). This 

phoA fusion analysis took advantage of the requirement for alkaline phosphatase to be translocated through 

the periplasmic membrane for activation (Hoffman and Wright 1985; San Millan et al., 1989). Parma et al. 

(1992) found that in RexB::PhoA fusions spanning the rexB gene, the phosphatase enzyme domain exhibits 

its highest activity when the fusion is directed into the periplasmic space.  On the other hand, the 

phosphatase enzyme was inactive if the fusion was directed into the cytoplasm. By applying this fusion 

strategy, RexB was observed to cross the cytoplasmic membrane at least four times, with the hydrophilic, 

positively charged regions adhering to the “plus inside (cytoplasm) rule” (Von Heijne 1986). In addition to 

its essential role in generating the Rex phenotype, RexB also plays a distinct role in safeguarding the λ O 

protein from degradation. This protein is necessary for initiating phage DNA replication. RexB inhibits the 

ATP-dependent cellular protease ClpXP, which is responsible for degrading λ O. Therefore, it leads to 

stabilizing λ O and ensuring successful phage replication, although the exact mechanism—whether through 

direct interaction or indirect modulation—remains to be fully elucidated (Schoulaker-Schwarz et al., 1991; 

Engelberg-Kulka et al., 1998). ClpPA and ClpXP are ATP-dependent proteases in E. coli that degrade 

misfolded or regulatory proteins to maintain cellular homeostasis (Gottesman et al., 1998). ClpPA targets 

unstable regulatory proteins, such as MazE (an antitoxin). The MazEF toxin-antitoxin system comprises a 

stable toxin, MazF, which acts as an endoribonuclease that cleaves mRNA, thereby disrupting protein 

synthesis and leading to cell death. MazE, the unstable antitoxin, neutralizes the toxic effect of MazF and 
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is degraded by ClpPA. During amino acid starvation, MazE is not synthesized and is degraded, thereby 

activating MazF and ultimately causing cell death (Gottesman et al., 1998; Kolodkin-Gal and Engelberg-

Kulka 2006). RexB has been shown to inhibit ClpPA-mediated degradation of MazE, thereby indirectly 

limiting MazF-dependent mRNA cleavage and cell death (Aizenman et al., 1996; Gottesman et al., 1998; 

Kolodkin-Gal and Engelberg-Kulka 2006; Engelberg‐Kulka and Kumar 2015). While this supports cell 

survival during stress, there is no direct evidence connecting RexB to the inhibition of the SOS response or 

ClpXP-mediated degradation of MazF. This implies that RexB's inhibition of ClpPA, thereby stabilizing 

MazE and preventing MazF-induced cell death (Engelberg-Kulka et al., 1998), could play further roles 

related to Rex. Currently, the only established link between Rex exclusion and ClpPA/ClpXP proteases is 

that Rex activation leads to a depletion of intracellular ATP, which is a critical cofactor required for the 

proteolytic activity of both ClpPA and ClpXP complexes. 

Properties of RexA: The RexA protein (31.5 KDa) is predominantly hydrophilic and is postulated to 

localize in the cytoplasm (Belfort 1978; Parma et al., 1992). In RexA overexpression studies, Slavcev and 

Hayes (2003) found that cells overexpressing rexA form a strange “sticky cell” morphology. Based on this 

observation, it was suggested that RexA might be an outer membrane protein or located in the cytoplasm; 

however, this has never been validated. Although the function of RexA remains unknown, RexA is still 

believed to act as a “sensor” that activates or regulates the pore-forming RexB at some point, following a 

Rex-sensitive phage superinfection (Parma et al., 1992; Slavcev and Hayes 2003). Recently, the structure 

of RexA was revealed by X-ray crystallography at a 2.05Å resolution to be a two-domain architecture 

consisting of a split globular (DNA-binding) domain and a dimerization domain connected by flexible 

linkers. These domains correspond to the central and base domains of the recombination-associated DNA-

binding protein C (RdgC), respectively, revealing unexpected structural similarities to this bacterial 

recombination-associated protein (Adams et al., 2024). The dimerization domains of each of these proteins 

form continuous eight-stranded anti-parallel β-sheet platforms stabilized by extensive hydrophobic 
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interactions and hydrogen bonds. RexA also exhibits an extensive bare patch across the surface of the 

globular domains at the dimer interface, conferring electrostatic surface properties, which may be involved 

in DNA binding (Adams et al., 2024). This structural similarity suggests that both RexA and RdgC may 

have evolved from a common ancestor and have conserved mechanisms for DNA binding. However, they 

have diverged to perform distinct biological roles in phage biology and regulation of recombination, 

respectively (Adams et al., 2024). RexA binds to DNA through a DNA-dependent conformational change 

(Adams et al., 2024). In its crystallized form, RexA adopts a closed conformation; however, modelling and 

experimental data suggest that it can transition to an open conformation, allowing DNA to interact (Adams 

et al., 2024). Additionally, a study using Electrophoretic Mobility Shift Assays (EMSA) demonstrated that 

RexA binds DNA in a non-specific manner, and mutations that disrupt the conformational flexibility or key 

residues involved in DNA interaction can impair DNA binding (Adams et al., 2024). RexA exhibits DNA-

binding activity, functioning as a molecular sensor for abnormal DNA structures during phage infection or 

under stress conditions in bacterial cells (Thomason et al., 2021; Adams et al., 2024). This activity is 

essential for its role in the RexAB system, which safeguards the bacterial population by disrupting phage 

replication or triggering programmed cell death in infected cells (Thomason et al., 2021; Adams et al., 

2024). Alongside its critical role in the Rex T4rII exclusion, recent studies have highlighted the significant 

function of RexA in aiding the transition of λ from lysogeny to the lytic cycle (Thomason et al., 2021) 

through its binding to the CI repressor. Once the lytic cycle is initiated, if the bistable switch reverts toward 

the lysogenic ‘immune’ state, RexA reduces the likelihood of maintaining that state. RexA stabilizes the 

lytic phase by directly or indirectly interfering with CI repressor activity, thereby preventing CI from 

repressing the lytic PL and PR promoters. When CI repression is relieved, these lytic promoters, PL and PR, 

are active and drive the expression of genes required for the lytic cycle. RexA's influence on these promoters 

indicates that it acts as a molecular switch to promote the lytic phase when specific conditions are met, such 

as stress or phage activation signals. Although RexB plays a role in modulating the effects of RexA and 
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may assist in establishing phage DNA replication during lytic growth, only RexA is essential for 

maintaining the lytic state and decreasing the likelihood of reverting to the immune state (Thomason et al., 

2021). Thomason’s observation could shed light on the enduring hypothesis proposed by Paddison et al. 

(1998) regarding the similarity between P2 prophage exclusion and λ Rex exclusion. They proposed that 

the swift lysis of T4rII in P2 lysogens might be associated with the Rex exclusion seen in λ lysogenic cells. 

Their hypothesis suggested that P2 may have a basic and less practical version of the Rex system, which 

initiates early lysis of T4rII-infected lysogens. It is proposed that Rex exclusion could work similarly, but 

with greater efficiency, lysing the infected cell before the phage matures. RexA may induce cell lysis when 

the Rex system is activated. In other words, RexA might be the leading cause of cell lysis in the Rex 

phenotype because it induces the transition to the lytic cycle (Paddison et al., 1998; Slavcev and Hayes 

2002; Thomason et al., 2021). 

 

1.1.3 The Physiological Manifestations of the Rex Activation 

 

1.1.3.1 The Stoichiometry of RexA to RexB 

 
Upon infection by a superinfecting phage, the Rex system is triggered. It imparts a severe cellular 

environment resulting in shutting down of total cellular macromolecular synthesis (Snyder and McWilliams 

1989), alterations and depolarization of the periplasmic membrane, severe drop of the cellular ATP energy, 

reduction of the cellular respiration, and death of most of the infected population (Parma et al., 1992; 

Slavcev and Hayes 2002). This severe cessation of production affects super-infecting phage and cellular 

DNA, RNA, and proteins. Activation of Rex can occur through infection by Rex-sensitive phage or, in the 

absence of superinfection, by overexpressing rexA relative to rexB from a multicopy plasmid (Snyder and 

McWilliams 1989; Slavcev and Hayes 2003). The stoichiometry of RexA to RexB is crucial for Rex onset 
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or the abrogation of the exclusion phenotype. For instance, the Rex phenotype is not observed when either 

rexA or rexB is overexpressed in the absence of the other, or when rexB is overexpressed in the presence of 

rexA (Snyder and McWilliams 1989; Slavcev and Hayes 2002; 2003).  

Interestingly, the enhanced co-expression of rexA-rexB from a multicopy plasmid not only prepares the cell 

for exclusion but can also exclude both T4 (RII+) and T4rII, along with phages T5 and T7, though it does 

not affect λ (Snyder and McWilliams 1989; Slavcev and Hayes 2003). Even when using rex+ λ lysogenic 

cells, the cells can be affected by disturbances to the stoichiometry of rexA to rexB, resulting in an altered 

Rex phenotype. Slavcev and Hayes (2003) noted that when rex+ λ lysogens are transformed with a low-

copy plasmid that expresses rexA constitutively, there is only a minor decrease in the Rex exclusion 

phenotype. Nevertheless, cells altered with a constitutive or inducible multicopy plasmid that expresses 

rexA or rexB completely eliminated the Rex exclusion phenotype. Conversely, using low-copy or multicopy 

plasmids with rexA-rexB co-expression or rex¯ variants did not remove Rex exclusion in a rex+ context 

(Slavcev and Hayes 2003). 

These contrasting outcomes suggest that the Rex phenotype highly depends on the quantitative relationship 

between rexA and rexB (a “gene dosage relationship”). The Rex phenotype occurs if rexA is overexpressed 

relative to rexB (Snyder and McWilliams 1987; Slavcev and Hayes 2003). However, the Rex system is not 

activated upon overexpression of rexB compared to rexA. In this case, T4rII phage and lambdoid Rex-

sensitive mutants will be capable of propagating and lysing the infected host cell (Parma et al., 1992; 

Slavcev and Hayes 2003). Interestingly, Slavcev and Hayes (2003) discovered that, akin to the Rex+ cell 

population during T4rII infection, overexpressing rexA relative to rexB activates Rex, leading to significant 

host cell death; however, at least 10% of the infected cells survive. Moreover, these infected cells were 

morphologically similar to those observed during the stationary phase (Figure 1-5).  
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Figure 1-5. Morphological Changes in Rex+ E. coli Following T4rII Phage Infection. Infection of Rex+ 

E. coli cells by T4rII phage induces distinct morphological changes, including the loss of flagella and 

transition to a spherical cell shape. These alterations resemble a quiescent or stationary phase phenotype, 

likely resulting from a metabolic shift triggered by Rex activation. Source: Slavcev and Hayes (2003). 

 

This harsh, quiescent-like state was characterized by alterations in cellular state, including a spherical 

cellular morphology, loss of flagellar production, and a decline in the proton motive force within the cell. 

Based on these physiological manifestations, Slavcev and Hayes (2002) proposed a model whereby Rex 

imparts an osmotic imbalance that stimulates the stationary phase and cellular shutdown. In this metabolic-

like state, the propagation of many Rex-sensitive super-infecting phages, including T4, is not permissive. 

These observations suggested that Rex may not be a cell death system but rather a protective mechanism 

established to protect at least some λ lysogens against superinfection (Slavcev and Hayes 2002). 

An explanatory mechanism for Rex was suggested by Parma et al. (1992), describing the status of Rex 

proteins in λ lysogens and upon superinfection. RexA and RexB proteins are present at a balanced ratio in 

λ lysogens “primed” and “ready to trigger”, where the ratio of RexA to RexB somehow increases upon 
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infection by T4rII, resulting in the activation of the Rex system (Figure 1-6). This model proposes that 

RexA functions as a sensor to activate the Rex system by triggering the pore-formation activity of RexB, 

much like a phage holin in the inner membrane. Upon superinfection, levels of RexA increase compared to 

those of RexB, leading to two (or more) RexA proteins for each RexB. This state results in RexB pore 

activation and the onset of Rex. In the scenario where RexB is overproduced, the ratio of RexA to RexB is 

disturbed, whereby the possibility of RexB subunits interacting with several RexA subunits declines, 

resulting in the loss of the exclusion phenotype (Parma et al., 1992; Slavcev et al., 2003). 
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The Rex system was observed to terminate with only temporary abortion of macromolecular synthesis upon 

alteration in the cellular physiological states, such as nutrient limitation or osmotic imbalance (Sauerbier et 

al., 1969; Campbell and Rolfe 1977). Snyder and McWilliams (1989) demonstrated that cellular 

macromolecular synthesis could be halted without infection, specifically through the overexpression of 

rexA compared to rexB from a multicopy plasmid. Importantly, this effect was absent in the co-expressed 

rexA and rexB and the solo expression of either rexA or rexB. These results emphasize the importance of 

Figure 1-6. RexA/RexB Activation Model in Response to T4rII Infection. RexB functions as 

an ion channel and forms a 1:1 complex with RexA, even in the absence of external stimuli. Upon 

infection by T4rII, RexA is hypothesized to accumulate relative to RexB, triggering the activation 

of the RexB channel. This leads to ion efflux, depolarization of the cell membrane, and a loss of 

membrane potential. A. shows the inactive state of Rex, RexA, and RexB are present but not 

interacting functionally. B. illustrates the activated state, T4rII infection induces RexA-mediated 

activation of RexB, resulting in ion efflux. C. demonstrates infection by T4 (wt), which bypasses 

Rex-mediated exclusion and successfully kills the host cell. Source: Wong et al., 2021. 
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the Rex proteins’ stoichiometry, indicating that a surplus of RexA is essential for activating the Rex 

phenotype and causing a metabolic "shutdown" in the cell. 

E. coli λ lysogen cellular growth has been noted to carry on for 10 minutes upon infection by T4rII phage 

(Colowick and Colowick 1983; Parma et al., 1992), which is interestingly also the time needed for 

superinfecting T4 phage to produce the RII proteins and suppress Rex (Sauerbier et al., 1969; Parma et al., 

1992). Rex is then activated, and all the associated cellular (physiological) manifestations become 

noticeable, leading to the cessation of cellular metabolic systems (Sauerbier et al., 1969; Parma et al., 1992). 

The infected lysogen loses the cellular membrane potential and proton motive force at ten minutes (Parma 

et al., 1992), rapidly losing cellular ATP energy (Colowick and Colowick 1983). Although the majority of 

T4rII DNA transcription and mRNA synthesis in the host stops around the 13-minute point, the 

transcription within both the host cell and the prophage has been observed to persist in surviving cells 

afterwards (Sauerbier et al., 1969). This finding supports the model that infected lysogens encounter a 

sudden osmotic shift, which shunts them into a temporarily inactive state, helping the lysogen escape 

competing invading DNA; some of which survive the process. In many scenarios, only 10% of the super-

infected population survives the environmental lethality; however, viability is over 105 times greater than 

that observed following T4rII infection of a Rex− lysogen (Slavcev and Hayes 2002; Alattas et al., 2020). 

Infected with the mutant T4rII, λ Rex+ lysogens exhibited significant delays in colony formation, which 

persisted for up to 48 hours. This lag is probably due to the activation of the Rex system, which impacts 

cellular physiology during and after infection (Slavcev and Hayes 2002). The activation of any trigger in 

the Rex system significantly disrupts macromolecular synthesis, resulting in profound physiological 

changes within the targeted cells (Garen 1961; Sekiguchi 1966). 
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1.1.3.2 Rex and the Cellular Environment 

 
While the stoichiometric balance between RexA and RexB proteins is essential and influential in precisely 

modulating the Rex system's function, any deviations can lead to altered ion channel activity and potential 

cytotoxic effects. Equally critical is the cellular environment, which plays a vital role in regulating Rex 

activity. These environmental cues may act as physiological switches that fine-tune Rex-mediated 

responses to other phage infections or cellular stresses. 

 

1.1.3.2.1 Rex and the Ionic Environment 

 
The exclusionary phenotype can be established in the presence of monovalent cations like H+, Na+, K+, or 

Cs+ in the cellular culture (Garen 1961; Sekiguchi 1966) but is attenuated in the presence of divalent cations 

such as Ca2
+, Mg2

+, polyamines, arginine or sucrose in external culture (Garen 1961; Ames and Ames 1965; 

Brock 1965). These findings suggest that RexB, a non-specific ion exchanger, lacks discrimination between 

ion types or sizes and may be regulated solely by ion concentration. RexB may contribute to forming a 

lesion in the host membrane, which would disrupt the ionic gradient across the cytoplasmic membrane 

when Rex is activated (Buller and Astrachan 1968; Slavcev and Hayes 2003). The presence of divalent 

cations in culture during the first ten minutes following the infection of λ rex+ lysogen by superinfecting 

T4rII phage can prevent the onset of Rex. It was noted by Buller and Astrachan (1968) that during the sixth 

minute of T4rII infection, phage exclusion can be reversed; however, the reversal of the Rex phenotype is 

greatly diminished after that point. These cellular manifestations, following infection, result in the rapid 

loss of cellular ATP, membrane potential, and proton motive force. Consequently, this leads to the lysogen’s 

inability to properly uptake divalent cations into the cellular medium after the six-minute mark (Buller and 

Astrachan 1968). 
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1.1.3.2.2  Rex and Cellular Energy 

 
Rex activation results in a significant cellular energy depletion, but this seems unrelated to the Rex 

exclusion phenotype on its own. It was noted that unc (ATPase) mutants were unable to hydrolyze ATP 

compared to the wild type (Colowick and Colowick 1983; McCarthy 1988). The unc genes or (atp operon) 

encode eight ATPase subunits essential for the proton-translocating ATP synthase (H+-ATPase). A 

complete mutation of unc genes leads to defects in H+-ATPase synthesis and conduction, resulting in 

cellular dysfunction (Colowick and Colowick 1983; McCarthy 1988). The cellular energy of the λ unc 

mutant lysogens remains stable after being infected by T4rII; this is because the superinfecting T4rII phage 

cannot initiate its own DNA replication (Colowick and Colowick 1983). While the significant decrease in 

ATP levels seen in λ lysogenic cells after T4rII infection does not directly correlate with exclusion, 

functional cellular ATPase activity still appears critical for managing the energy crisis induced by Rex 

activation (Colowick and Colowick 1983). In a Rex-activated cell, the system responds to a stressful or 

challenging situation, such as phage infection or DNA damage, by triggering a defence mechanism where 

energy is required to restore the proton motive force, resulting in the depletion of intracellular ATP. 

Colowick and Colowick (1983) noted that infection of λ lysogens with wild-type T4 phages caused a swift 

depletion of cellular ATP, which could be reversed by halting the infection source. On the other hand, 

infection of λ lysogens by T4rII mutants resulted in a swift and irreversible drop in cellular energy 

(Colowick and Colowick 1983). 
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1.1.3.2.3  Rex and Sigma Factors 

 

Sigma Factors: Bacterial cells encounter various non-optimal conditions and stresses throughout their 

growth and development. General stress can impact cells at multiple stages, including gene replication, 

transcription, translation and DNA synthesis. To cope with these stresses, cells activate internal cellular 

responses that enable them to adapt and survive under various stress conditions (Zeman and Cimprich 2014; 

Hsu et al., 2021). The activation of the Rex system has revealed specific phenotypes, including a shift to a 

stationary phase-like morphology, which may protect host cells against T4rII superinfection and cell killing 

(Slavcev and Hayes 2003). Sigma factors in E. coli are small protein subunits (σ) that bind to the core RNA 

polymerase (RNAP), directing transcription at their specific cognate promoter sequences on the DNA to 

initiate bacterial transcription at the right place (Ranquet and Gottesman 2007; Feklístov et al., 2014; 

Handler and Kirkpatrick 2024). Each sigma factor can recognize different sets of promoters. As a result, 

they are essential in regulating and managing sets of gene expression, enabling cells to adapt to varying 

environmental signals or conditions (Ranquet and Gottesman 2007; Feklístov et al., 2014). This type of 

disturbed environment can significantly impact Rex activity; hence, the sigma factors can directly or 

indirectly affect Rex and the Rex mechanism. 

 

Non-coding RNAs: Phenotypic diversity and the ability to respond to environmental signals are closely 

linked to proteins across all domains of life, as seen in phenotypic plasticity (Sommer 2020). However, the 

discovery of non-protein-coding RNAs (ncRNAs) that bind with proteins, DNA and/or mRNAs has 

changed our understanding of gene regulation. In bacteria, post-transcriptional regulation of gene 

expression is carried out by small RNAs (sRNA). These sRNAs are typically 50 to 500 nucleotides in length 

and are encoded in the intergenic regions (IGRs) of the bacterial genome. Another important class of 

bacterial ncRNAs is the anti-sense RNA (asRNA). These asRNAs are transcribed from the opposite strand 
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of their target protein-coding genes (Georg and Hess 2011; Saberi et al., 2016) and are located in the 

untranslated regions (UTRs) of specific mRNAs (Breaker 2011; Kortmann and Narberhaus 2012; Saberi et 

al., 2016). However, intragenic intraRNAs originate within protein-coding genes (Miyakoshi et al., 2015; 

Agostini et al., 2021).   

The sigma E factor (σ-24, σE), a subunit of RNA holoenzyme encoded by the rpoE gene, is a minor sigma 

subunit of the E. coli response element. The σE factor, also known as the envelope or extra-cytoplasmic 

stress factor, is activated in response to stressful environments, including hyperosmotic shock, exposure to 

metal ions, and changes in outer membrane lipopolysaccharide structure. (Ades et al., 2003; Valentin-

Hansen et al., 2007). Under-growth and non-stress conditions, σE is negatively regulated by the inner-

membrane protein subunit of RseA, which functions in the antisense regulation of σE expression. (Missiakas 

et al., 1997; Nagamitsu et al., 2013; Kosaka et al., 2017).  

During envelope stress, the anti-sigma factor RseA is sequentially degraded by the proteases DegS, RseP, 

and ClpXP (Flynn et al., 2004; Nagamitsu et al., 2013; Gottesman 2019; Kosaka et al., 2017), leading to 

the activation of σE. The level of σE expression depends on the extent of stress exposure from the extra-

cytoplasmic compartment of E. coli, and the expression level persists until the cell once again reaches 

homeostasis (Ades et al., 2003). Activation of σE triggers the transcriptional activation of a wide array of 

downstream genes. These genes are essential for the periplasmic folding proteins and degrading factors 

(Murata et al., 2012; Rangarajan 2022). It is involved in a pathway that directs cell lysis through a cascade 

of events. This cascade involves the σE-regulated expression of small RNAs micA and rybB, which in turn 

downregulate the production of outer membrane proteins (Omps; detailed in the next section), ultimately 

leading to the disintegration of the bacterial outer membrane (Figure 1-7; Gogol et al., 2011; Murata et al., 

2012).  
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Figure 1-7. The σE Signalling Pathway and Its Activation Mechanism. The anti-sigma factor RseA 

binds and sequesters σE, keeping it inactive. This inhibition is regulated by two types of molecules: outer 

membrane proteins (Omps) and lipopolysaccharides (LPSs). The inner membrane protease DegS is 

activated upon binding to misfolded Omps, while RseB, which stabilizes RseA, is displaced by LPS. These 

events allow DegS to initiate the proteolytic cleavage of RseA. Subsequently, RseP completes the 

degradation of RseA, releasing σE into the cytoplasm. However, σE remains bound to RseA fragments until 

ClpXP and other ATP-dependent proteases degrade RseA, fully liberating σE. The active σE then promotes 

the transcription of genes involved in the synthesis and assembly of LPS and Omps.  
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Sigma S factor (σ-38, σS), encoded by rpoS, is expressed in the stationary phase and is necessary for 

expressing and regulating more than 10 % of E. coli genes to maintain cell viability during this phase. The 

rpoS product is a general stress response regulator and is considered an essential gene during the stationary 

phase when cells become more resistant to various external stresses (Suh et al., 1999; Weber et al., 2005). 

Any mutation to rpoS may also affect the stability and function of other sigma factors (Battesti et al., 2011; 

Bouillet et al., 2023, 2024). For example, the absence of the σS factor triggers an extracellular stress 

response that results in the elevation of rpoE expression, as well as the degradation of Omps, ultimately 

causing cell lysis (σE-dependent cell lysis; Lima et al., 2013; Nagamitsu et al., 2013; Kosaka et al., 2017). 

Various small RNAs (sRNAs) regulate RpoS/σS at the transcriptional, translational and post-translational 

levels (Schweder et al., 1996; Battesti et al., 2015). RpoS stability is primarily controlled post-

translationally by the adaptor RssB and the ClpXP protease, while anti-adaptors (IraD, IraM, IraP) prevent 

RpoS degradation under stress (Gottesman 2019).  

Interestingly, OmpF is one of the proteins that is indirectly negatively regulated by the induction of rpoS. 

The expression of the ompF gene is regulated by the small RNA MicF and potentially negatively influenced 

by the σS factor. The anti-sense RNA MicF binds to the ompF mRNA and prevents its translation, resulting 

in a reduction in the levels of OmpF protein (Pratt and Silhavy 1996; Suzuki et al., 1996; Patten et al., 

2004). The permeability of the bacterial outer membrane is limited when the expression of rpoS is 

stimulated, but is dramatically increased in rpoS mutants (Notley-McRobb and Ferenci 1999; Mitchell et 

al., 2016). In several studies, the expression of ompF was significantly higher in rpoS mutants, but no effect 

was observed on the ompC expression (Pratt and Silhavy 1996; Darcan and Özkanca 2008).  

Other studies have noted that the high-affinity galactose transport system, mglABC, which is regulated by 

the galS repressor, shows noticeable induction in rpoS mutants compared to rpoS+ (wild-type) cells in 

response to suboptimal conditions (Notley-McRobb and Ferenci 1999).  
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During the log phase of growth, rpoS gene expression is rapidly degraded by the protease complex ClpXP, 

which binds to the rpoS transcript adaptor protein RssB. On the other hand, the anti-adaptors IraD, IraM, 

and IraP stabilize RpoS by preventing its delivery to ClpXP via RssB during stress (Figure 1-8; Schweder 

et al., 1996; Gottesman et al.,1998; Gottesman 2019; Battesti et al., 2015). These anti-adaptors are generated 

in response to various stress conditions: IraD is induced in response to DNA damage and during the 

transition from log to stationary phase; IraM is induced under magnesium starvation conditions; and IraP 

is induced under phosphate deficiency conditions (Battesti et al., 2013; Hryckowian et al., 2014). RssA is 

an sRNA within the RssB operon and is involved in the σS degradation process; however, the mechanism 

by which it controls σS levels is still poorly understood (Muffler et al., 1996). It was noted that RssA does 

not appear to regulate σS or its cellular levels, as disruption of the rssA gene has not been demonstrated to 

alter σS levels (Ruiz et al., 2001).  

Another factor that can affect σS is the SsrA-tagging system, also known as the tmRNA system. This system 

serves as a critical quality control mechanism, rescuing stalled ribosomes and ensuring the degradation of 

incomplete or aberrant proteins (Karzai et al., 2000). When translation stalls on defective mRNA, the 

system appends a short peptide tag to the incomplete proteins, thus marking them for degradation by ClpXP 

or ClpAP proteases. This process not only maintains protein quality but also indirectly supports the 

translation of RpoS by preserving ribosome availability and reducing competition from faulty transcripts 

(Müller et al., 2021; D’Urso et al., 2023; Rodriguez-Aliaga et al., 2023). In the absence of SsrA, RpoS 

levels decline, resulting in impaired stress responses. During the stationary phase, ClpXP enhances the 

expression of rpoE, thereby stimulating the σE response. ClpXP contributes to this regulation by degrading 

specific negative regulators or modulating the stability of transcriptional repressors that otherwise inhibit 

rpoE expression. As a result, ClpXP activity indirectly stimulates the σE regulon, enabling the cell to 

respond to envelope stress conditions that are common during the stationary phase (Rizzolo et al., 2021). 

This activation causes changes in Omp stability, subsequently altering the bacterial cell morphology. In the 
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ΔrpoS mutant, the lack of rpoS transcripts allows ClpXP to elevate the σE factor expression (Smith et al., 

2014). RexB may inhibit ClpXP activity and function as an antisense RNA during the stationary phase, or 

perhaps by linking membrane stress signals to the SsrA-RpoS axis. This might indirectly stabilize σS in this 

phase, allowing RexB to support or initiate the stationary phase upon Rex activation (Gottesman et al.,1998; 

Engelberg-Kulka and Glaser 1999). 

 

 

 

Figure 1-8. Stabilization, Activation, and Degradation of σS in E. coli. The adaptor protein RssB 

plays a central role in regulating the stability of the σS (RpoS) sigma factor. When phosphorylated, 

RssB binds to σS, forming a complex that targets σS for degradation by the ClpXP protease. Within 

ClpXP, σS is unfolded and completely degraded, while RssB is released for reuse. During the 

stationary phase or stress conditions, phosphorylation of RssB is modulated, allowing σS to 

accumulate and activate stress response genes. 
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1.1.3.3 Rex and E. coli Membrane Proteins 

 
Slavcev (2005) predicted that ompF mutants could attenuate Rex activity. The ompF gene encodes a porin 

protein that polyamines can inhibit, resulting in decreased membrane permeability (Delcour and Vega 1996; 

Vinson et al., 2010). It has already been known that polyamines and divalent cations dramatically 

compromise Rex activity (Garen 1968). Furthermore, overexpression of RexA was also observed to result 

in sticky cells (Slavcev 2005), supporting the idea that outer membrane proteins may play a role in initiating 

specific physiological manifestations of Rex. Mutants of the tolerance membrane protein TolA displayed 

similar cellular characteristics. The tolA mutants exhibit spherical cell shapes and are highly permeable, 

thereby increasing cell permeability and sensitivity to external stresses, including phage infections 

(Lazzaroni et al., 2002; Li et al., 2022). This could help in understanding the results from Rolfe and 

Campbell’s (1977) studies, where tolB mutant λ rex+ lysogens exhibited full plating of T4rII and near 

complete abrogation of Rex. Considering our current understanding that Rex activity is influenced by 

monovalent ions and is inhibited by divalent cations and polyamines (Garen 1968), investigating how 

various mutations in membrane proteins affect Rex activity could offer valuable insights.  

The Outer Membrane Proteins (Omps): The outer membrane (OM) of Gram-negative bacteria is a 

complex structure comprised of a lipopolysaccharide (LPS) decorated phospholipid membrane, scattered 

with an array of proteins (DiRienzo et al., 1978; Koebnik et al., 2000; Wexler 2002; May et al., 2015). The 

outer membrane is a crucial barrier surrounding the cytoplasmic membrane, playing a vital role in bacterial 

survival, adaptation, and protection from harsh external conditions (Koebnik et al., 2000; Ghai 2023). The 

OM enables crucial cellular functions by facilitating the uptake of nutrients and solutes through 

translocation via pore-like structures known as porins, which are typically composed of Omp homotrimers 

(Koebnik et al., 2000; Nikaido 2003). Omp porins make up over 50% of the outer membrane density; 

however, only a limited number have been structurally and functionally characterized to date (Figure 1-9; 
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Koebnik et al., 2000; Nikaido 2003; Belousov et al., 2023). The Omps control the influx and efflux of 

solutes across the membrane and are crucial for maintaining the stability and functionality of the bacterial 

cell (DiRienzo et al., 1978; Wexler 2002; Nikaido 2003). The proteins exposed on the outer membrane also 

determine the bacteriophage host range by acting as attachment sites for phage adsorption or as receptors 

for superinfecting signals against superinfecting phage (Koebnik et al., 2000; Wang and Lin 2001). 

 

      

 

 

Figure 1-9. Components of the E. coli Cell Envelope. The E. coli cell envelope is a multilayered 

structure composed of: Outer membrane, asymmetrical in composition, with lipopolysaccharide (LPS) 

in the outer leaflet and phospholipid in the inner leaflet. It also contains porins, which serve as diffusion 

channels for small molecules; Periplasmic space, located between the outer- an inner- membranes, it 

includes the periplasm and a thin layer of peptidoglycan, which provides structural support; Inner 

(plasma) membrane, a phospholipid bilayer that maintains the proton motive force and membrane 

potential, essential for energy production and transport processes.  
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OmpA: OmpA has been extensively studied and is recognized as vital for maintaining the E. coli outer 

membrane structure and stability. It also acts as a receptor for bacterial conjugation and DNA 

transformation (Ried and Henning 1987; Sun et al., 2013).  OmpA acts as a nonspecific diffusion channel 

for small solutes (Sugawara and Nikaido 1992) that can affect the development of its pores, thus shielding 

the bacterial cells from osmotic stress (Hong et al., 2006). OmpA also serves as a primary defense 

mechanism against environmental stressors; ompA null mutations make the cell more susceptible and less 

resistant to viral infections (Wang and Lin 2001; Nie et al., 2020). Modifications in the cell membrane 

structure render cells more vulnerable and sensitive to superinfecting phages like T4 (Wang and Lin 2001). 

This is quite intriguing in light of our previous findings that ompA mutants with a high-copy rex+ plasmid 

not only exhibit complete Rex activity but also decrease T4 (RII+) plating by more than 103-fold (Alattas et 

al., 2020). 

Additionally, stress exposure in ΔompA cells has also been found to induce phenotypic changes in E. coli, 

transforming the cells into spherical shapes, similar to those in the stationary phase (Wang 2002). This may 

suggest these mutants are more susceptible to entering the stationary state phase. The stability of the ompA 

mRNA transcript declines as the bacterial growth rate increases and is contingent on the cellular growth 

stage (Vytvytska et al., 1998; Rasmussen et al., 2005). Quiescent cells with stable ompA exhibit a turnover 

of over 15 minutes in log-phase cells but only about 4 minutes in stationary-phase cells (Rasmussen et al., 

2005). Regulation of the ompA transcript is influenced by its 5'-untranslated region that contains cleavage 

sites for RNase E. The stability and decay of the ompA mRNA depend on another factor, RNA chaperone 

Hfq, which binds to this region.  

Alongside Hfq, the short SraD RNA (highly conserved among Enterobacteriaceae and known as MicA) 

binds to the ompA mRNA region near its ribosome binding site during the transition from rapid growth to 

the stationary phase (Rasmussen et al., 2005). This interaction blocks ribosome entry and promotes RNase 

E-mediated cleavage, leading to degradation of the transcript after translation, and reduced OmpA levels in 
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these stationary-phase cells (Rasmussen et al., 2005; Udekwu et al., 2005). The increased Rex activity noted 

in the ompA mutants may occur because these host cells are prone to experiencing osmotic irregularities 

and entering a "stationary-like" phase (Alattas et al., 2020). In the context of Rex activation, the ompA 

mutation causes additional osmotic and structural instability; therefore, the cell’s osmotic balance and 

membrane potential recovery may be irreversible. This would account for the abrogation of the Rex-centric 

mutualism phenotype and the significantly lower viability of rex+ ompA mutants, as previously observed 

(Alattas et al., 2020).  

Alternatively, the ompA mutant's failure to efficiently transfer and expel invading DNA during the Rex 

onset would expose the cell to the deadly effects of superinfection DNA (Wang and Lin 2001; Alattas et 

al., 2020).  In both instances, the irreversible metabolic state of Rex activation within the ompA mutant 

would also account for the consequential Rex-dependent exclusion of T4rII and T4 (rII+) alike (Snyder and 

McWilliams 1989; Slavcev and Hayes 2003), as the stationary phase prohibits the propagation of all T-

even species (Bryan et al., 2016). The potent inhibition of plating seen for the ompA rex+ mutant was Rex-

dependent, as it was not seen in the rex− mutant (in its ability to reduce T4 plating efficiency) and could not 

wholly abrogate T4 plating efficiency (Alattas et al., 2020). These results indicate that OmpA could be a 

potential target for inactivation by Rex protein(s) and RII proteins. Alternatively, RII may compete with 

this activity, as it requires interaction with OmpA to inhibit Rex. These data imply that ompA is not the sole 

host gene involved and may need direct interaction with other targets to achieve the superinfection 

exclusion phenotype. 

OmpX: Similar to OmpA, OmpX has been implicated in the cell’s defense against bacterial virulence (Vogt 

and Schulz 1999).  OmpX has been proven crucial for E. coli's cell adhesion and biofilm development, 

although the exact mechanism of action is not fully understood (Vogt and Schulz 1999; Otto and 

Hermansson 2004). Deletion of the ompX gene in E. coli results in mutants being more susceptible to 

stressful environments, infection and, ultimately, sensitivity to death (Otto and Hermansson 2004; Dupont 
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et al., 2007). Deleting the ompX gene compromises the integrity of the outer membrane, altering the affected 

cell surface hydrophobicity and increasing the negative charge on the cell surface, which may enhance 

bacterial cell-target surface interaction and infection (Otto and Hermansson 2004; Dupont et al., 2007).  

The ompX gene exhibits over-expression in λ lysogens, suggesting that it acts as a host defense-response 

neutralizer when faced with any stress (Heffernan et al., 1994; Koebnik et al., 2000). OmpX overproduction 

relates to the overexpression of rpoE in E. coli (Sigma E factor; σE) and is associated with the increase in 

σE activity (Mecsas et al., 1993; Ades et al., 2003; Dupont et al., 2007). The expression of ompX is regulated 

by σE-dependent small RNAs MicA and RybB (Valentin-Hansen et al., 2007).  Deletion of ΔompX was able 

to attenuate T4rII exclusion by more than 103-fold (Alattas et al., 2020) when rex+ was expressed from a 

high-copy plasmid, which may be related to its influence on the σE factor, as the underproduction of OmpX 

has been noted to reduce σE activity in E. coli (Mecsas et al., 1993; Dupont et al., 2007). Additionally, 

Alattas et al. (2020) previously noted that ΔompX exhibited a more than 100-fold reduction in viability on 

T4rII-infected cells carrying the rex+ plasmid compared to the rex+ control, likely due to compromised 

T4rII exclusion in these rex+ mutants. 

OmpF and OmpC: The ompF and ompC genes are differentially expressed based on changes in extracellular 

medium osmolarity, as sensed by the membrane-bound EnvZ sensor. As a two-component system, EnvZ-

OmpR, the EnvZ sensor undergoes autophosphorylation and transfers the phosphate to the cytoplasmic 

osmoregulation transcriptional regulator OmpR. This phosphorylated OmpR can bind to the promoters of 

the ompF and ompC genes, leading to the inverse regulation of ompF and ompC expression under different 

osmolarity conditions (Lan and Igo 1998; Srividhya and Krishnaswamy 2004).  

OmpF forms a channel that is 10 times wider than OmpC, making it a more general passaging route 

preferentially expressed under low osmolarity medium conditions, as expected during the stationary phase 

(Benz 1988). Conversely, OmpC proteins favourably decorate the outer membrane under high osmolarity 

conditions, requiring a lower solute passaging level (Benz 1988). Both OmpF and OmpC function as cation-
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charge-selective diffusion channels for the passive membrane diffusion and pore formation for small 

molecules (Cowan et al., 1992; Apirakaramwong et al., 1998; Lan and Igo 1998). OmpC also serves as the 

primary adsorption receptor for T4, the deletion of which prevents T4 adsorption and infection (Yu and 

Mizushima 1982; Washizaki et al., 2016; Alattas et al., 2020). Interestingly, the overproduction of either 

OmpC or OmpF increases σE activity, triggering a stress response that may lead to cell lysis. 

Simultaneously, lower levels of OmpC and OmpF inhibit σE activity (Mecsas et al., 1993; Noor 2015).  

Due to the prohibitive nature of ompC mutants toward T4 plating, the involvement of OmpC in Rex activity 

could not be directly tested (Alattas et al., 2020). However, potential scenarios can be envisioned for OmpC 

involvement based on a combination of current and previous observations, along with our current 

understanding of osmotic regulation. For instance, firstly, given that OmpC serves as the binding site for 

T4, it is a sensible target for Rex activation or a sensor that responds to later T4 super-infection. Secondly, 

the deletion of ompF attenuated Rex activity by more than 102-fold (Alattas et al., 2020) but was unable to 

entirely abrogate the phenotype, suggesting that while it influences Rex, its contribution could be less direct, 

possibly through osmotic imbalance and triggering of a dormant phase-like state. Also, OmpR regulates the 

transcription levels of both ompF and ompC and as the mutation of the ompR gene significantly inhibits T4 

plating efficiency in a Rex-dependent context (Alattas et al., 2020), insignificant T4 infectivity could be 

partially attributed to the low ompC expression level that again, is required for T4 adsorption. Moreover, 

OmpR controls the transcription of the MicC sRNA, which promotes the degradation of ompC mRNA 

transcripts, thereby inhibiting the expression of OmpC in an OmpR-deprived environment (documented in 

ΔompR mutants; Alattas et al., 2020) (Guillier et al., 2006). In addition, sucrose can stimulate ompC gene 

expression independently of OmpR through a unique mechanism; hence, sucrose is known to powerfully 

suppress Rex activity (Schnaitman and McDonald 1984; Batchelor et al., 2005). OmpR regulates the 

expression of OmpC and OmpF in response to varying osmolarity conditions. Even in an ompF mutant, 

unphosphorylated OmpR can still promote ompC transcription, although the reaction to OmpR 
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phosphorylation is impaired (Srividhya and Krishnaswamy 2004). Lastly, during the stationary phase, the 

expression of ompC is downregulated, which aligns with the cellular state observed during the onset of Rex 

(Alattas et al., 2020).  

OmpW: The OmpW protein in the E. coli outer membrane forms porins that create long, narrow 

hydrophobic channels, which act as ion channels transporting small hydrophobic molecules across the 

membrane (Hong et al., 2006). OmpW was noted to protect E. coli cells against any environmental stressors, 

especially against super-infection (Wu. et al., 2013). Deletion of ompW conferred a significant reduction in 

Rex activity by approximately 103-fold. Also, T4rII-infected ΔompW mutants showed 102-fold reduced 

viability when carrying the rex+ plasmid. These findings suggest that OmpW may be a potential trigger for 

Rex by acting in conjunction with OmpA and OmpF (Alattas et al., 2020). An interesting similar scenario 

occurs when E. coli cells enter the stationary phase, where active σE decreases the transcription and 

production of OmpA, OmpC, and OmpW (Kabir et al., 2005). The micA and rybB transcripts further 

downregulate ompA and ompC translation (Valentin-Hansen et al., 2007). Disruption in forming these 

Omps causes increased cell lysis during the early stationary phase, as indicated by high protein density in 

the culture medium (Kabir et al., 2005; Kosaka et al., 2017).   

 

The Tolerance (Tol) Membrane Proteins: Along with outer membrane proteins (Omps), the Tol system 

also plays a vital role in maintaining the stability, integrity, and maintenance of the E. coli cell membrane 

(Lazzaroni et al., 1999; Lloubès et al., 2001). Tol proteins also import and export micro- and 

macromolecules through the cell membrane. The Tol system, specifically TolQRAB, is the primary system 

by which bacterial toxins, such as colicins, are imported into the cell (Meury and Devilliers 1999; Lloubès 

et al., 2001; Lazzaroni et al., 2002). In Gram-negative bacteria, the TolA, Q, and R proteins are located in 

the cytoplasmic membrane, while TolB is located in the periplasm. Together, they form a complex system 

that functionally links with the membrane protein Pal (peptidoglycan-associated lipoprotein), which 
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anchors to the outer membrane through its N-terminus and strongly interacts with the peptidoglycan layer 

through its C-terminal region (Cascales et al. 2002). The Pal protein increases cell envelope complexity 

and serves to maintain cell integrity (Figure 1-10; Lazzaroni and Portalier 1992; Bouveret et al., 1995; 

Lazzaroni et al., 1995; Clavel et al., 1998; Germon et al., 1998). TolC is an outer membrane protein 

considered to be a part of the bacterial cell export system in addition to the ABC transporter to efflux 

proteins and other toxins outside cells (Bernadac et al., 1998; Andersen et al., 2000; Lloubès et al., 2001). 

 

 

 

 

Figure 1-10. The Tol-Pal Complex System in the E. coli Cell Envelope. The Tol-Pal system is a 

multi-protein complex that spans the E. coli cell envelope, playing a crucial role in maintaining 

outer membrane integrity and coordinating cell division. It includes the inner membrane proteins 

TolA, TolR, and TolQ, the periplasmic protein TolB, and the outer membrane-anchored Pal protein. 

Together, these components form a trans-envelope network that physically links the inner 

membrane, periplasm, and outer membrane, ensuring structural cohesion and dynamic coordination 

during envelope constriction. 
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TolA: TolA is a 421 amino-acid cytoplasmic membrane protein that has three domains that extend to the 

outer membrane, where the interactions between outer- and inner-membrane proteins occur (Levengood-

Freyermuth et al., 1993; Derouiche et al., 1996). TolA, specifically its periplasmic C-terminal functional 

domains, is required for transporting filamentous phage, chromosomal DNA materials, and colicins into 

the cell. Colicins are protein toxins produced by certain strains of E. coli bacteria and are harmful to 

neighbouring related bacteria. These molecules require the TolQRAB complex and the membrane-pore-

forming OmpF and OmpC proteins, in addition to OmpA, to translocate into the cells, where the outer 

membrane proteins serve either as receptors or translocators for the toxins (Meury and Devilliers 1999; 

Lazzaroni et al., 2002; Lloubès et al., 2001).  

Mutations in any of the tol-pal genes may result in 1) release of periplasmic content; 2) an increase in 

sensitivity to many antimicrobial agents and/or some chelating agents; 3) loss of outer membrane integrity; 

4) increased formation of membrane blebs; and 5) changes in cell morphology (Yem and Wu 1977; Fung 

et al., 1978). It was noted in one study that mutation of any of the tolA, tolB, or tolP genes results in the 

allowance of T4rII to plate on λ rex+ lysogens fully, i.e. results in abrogation of the T4rII exclusion 

phenotype (Rolfe and Campbell 1977), but Alattas et al. (2020) could not replicate the finding. Mutation of 

tolC was observed to be combined with many phenotypic changes, including an extreme reduction in OmpF 

protein synthesis (to an untraceable level in the membrane) and a simultaneous increase in the level of 

OmpC protein; the effect was found to be through the activation of the sRNA micF, which inhibits the 

translation of ompF mRNA (Misra and Reeves 1987; Fralick and Burns-Keliher 1994; Bernadac et al., 

1998). Mutations in tolA alter cell shape, rendering bacterial cells highly permeable and susceptible to 

external stresses, including infections, while maintaining resistance to colicins (Meury and Devilliers 1999; 

Lazzaroni et al., 2002; Lloubès et al., 2001). Although no direct interactions between TolA and OmpA have 

been found yet, TolA is also heavily involved in the assembly and integrity of outer membrane porins. Any 

mutations may affect LPS synthesis and the functionality of porins. TolA may influence the regulation of 
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OmpF and OmpC, indirectly increasing the ompF expression level by negatively controlling ompC 

expression. The ompF expression was found to be downregulated in tolA mutant cells (Lazzaroni et al., 

1986; Derouiche et al., 1996). 

Lpp: Alongside the Tol-Pal complex, Lpp serves as a key prolipoprotein on the inner surface of the outer 

membrane, playing a crucial role in safeguarding and preserving the structural and functional integrity of 

the cell membrane (Ozawa and Mizushima 1983; Asmar and Collet 2018). Lpp maintains the connection 

between the outer membrane and the peptidoglycan layer. Similar to other membrane proteins, the 

transcription of the lpp gene is regulated by σE, highlighting its significance in stress responses (Rhodius et 

al., 2006). Mutations in the lpp gene disrupt the structural connection between the outer and inner 

membranes of the envelope. As a result, periplasmic proteins enter the medium and form vesicles, which 

are phenotypically similar to those caused by mutations in tol-pal (Bernadac et al., 1998; Mathelié-Guinlet 

et al., 2020). Additionally, mutations in lpp have no impact on the expression of Tol-Pal; however,  tolA 

mutations inhibit lpp expression (Cascales et al., 2000). As part of the T4’s strategy to seize the host’s 

cellular machinery after infection, lpp transcripts are rapidly degraded (Qi et al., 2015). Lpp could serve as 

a crucial connection between TolA and Omps. While a direct interaction between TolA and OmpA has not 

been identified so far, TolA does engage indirectly with a complex consisting of TolB, Pal, Lpp, and OmpA, 

alongside the other Omps (Lloubès et al., 2001). 

LamB: Also known as a maltoporin, LamB is a trimeric protein in the outer membrane of E. coli. LamB’s 

primary function is to facilitate the uptake of maltose by forming a channel in the cell membrane, but it also 

serves as a receptor for λ adsorption (Randall Hazelbauer and Schwartz 1973; Gibbs et al., 2004; Chatterjee 

and Rothenberg 2012). Like OmpA, its expression is regulated by σE through the small RNA MicA. During 

the stationary phase, lamB can be upregulated by σS, along with the mal operon (Hengge-Aronis 2002). 

Mutations in the lamB gene are detrimental to the E. coli cell, causing significant defects in the inner 

membrane that disrupt the proton motive force and unfold Omps. It was also noted that LamB expression 
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levels were inhibited in tolA mutants, resulting in the activation of cell stress responses (Derouiche et al., 

1996). 

 

The TonB system: TonB, ExbB, and ExbD, encoded by the exb operon, are inner membrane proteins that 

are part of TonB-dependant energy transduction system to transport energy into the bacterial cell in nutrient 

limitation (Bernadac et al., 1998; Held and Postle 2002). The TonB system is crucial for the active transport 

of iron chelates, siderophores, and vitamin B12, as well as for establishing a connection between the inner 

and outer membranes. However, the system cannot function independently without ExbB and ExbD, where 

TonB cannot respond to the cytoplasmic membrane proton motive force in their absence (Bernadac et al., 

1998; Held and Postle 2002; Noinaj et al., 2010; Lill et al., 2016). All the TonB, ExbB, and ExbD proteins 

are in the inner membrane. Both TonB and ExbB proteins are predicted to be anchored in the cytoplasm, 

spanning the cytoplasmic membrane three times, with the hydrophobic N-terminus localized to the 

periplasm. The ExbD protein is expected to anchor at the N-terminus within the inner membrane, with the 

bulk of the protein in the periplasm (Kampfenkel and Braun 1992,1993; Braun 1995; Lill et al., 2016). 

TonB, ExbB, and ExbD are homologues of TolA, TolQ, and TolR, respectively. Additionally, it was 

discovered that the exb operon function can be partially (~10%) replaceable by the tol operon. However, 

outer membrane defects and phenotypic changes accompanied by mutations in the tol-pal system are not 

similarly observed in tonB system mutants (Eick-Helmerich and Braun, 1989; Bernadac et al., 1998; Held 

and Postle 2002). Ferrichrome transporter (FhuA) and Ferric enterobactin transporter (FepA) proteins are 

also part of the TonB-dependent transporter system, both of which specifically target and bind metal 

chelators at the extracellular side of the bacterial cell membrane and interact with the TonB-ExbBD system 

at the periplasmic side of the outer membrane (Ferguson et al., 1998,2000; Eisenhauer et al., 2005; Noinaj 

et al., 2010). FhuA and FepA are E. coli outer membrane proteins. In addition to their function in energizing 

cells, they also serve as adsorption receptors for many phages, such as T1 and T5, as well as several colicins 
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such as colicin M, B, and D. Any mutation of either gene would increase the susceptibility of the bacterial 

cell to phage infections and make it sensitive to several antibiotics and colicins (Gϋnter and Braun 1990; 

Liu et al., 1993; Braun 1994; Killmann and Braun 1995). 

 

The β-Methyl-Galactoside Transport System (Mgl): The MglABC is another group of Gram-negative 

bacterial cell membrane protein members that belong to the superfamily of ATP-Binding Cassette (ABC) 

systems (Harayama et al., 1983; Hogg et al., 1991; Saurin et al., 1999). This ABC transporter complex 

constitutes one of the most prominent protein families of all living microorganisms. Approximately 5% of 

the entire E. coli genome encodes ABC transporter components with various physiological functions (Dassa 

and Bouige 2001; Higgins 2001). Studies have shown a correlation between the functional characterization 

of the ABC transporter cassette and its phylogenetic classification (Saurin et al., 1999; Dassa and Bouige 

2001). The primary distinction between these systems is related to the polarity of the ABC transporter, 

which can be either an exporter or an importer. More than 50 subfamilies have been described based on 

phylogenetic and functional classifications (Saurin et al., 1999; Dassa and Bouige 2001; Higgins 2001). 

The transporter complex MglABC is an example of an ABC importer system involved in the influx of 

galactose and/or β-methyl-galactoside (Lengeler et al., 1971; Death and Ferenci 1993, 1994). The complex 

is composed of two peripheral ATP-binding proteins (MglA), two integral transmembrane proteins (MglC) 

and a periplasmic recognition solute-binding protein (MglB) (Harayama et al., 1983; Rotman and Guzman, 

1982; Hogg et al., 1991). This system was found to be regulated by two Gal repressors, GalS and GalR; the 

Gal operon encodes galactose and β-Methyl-Galactoside permease (MeGal permease) enzymes necessary 

for galactose and galactoside transport and metabolism (Boos 1969; Lengeler et al., 1971; Boos and Sarvac 

1970; Weickert and Adhya 1992, 1993). MeGal permease mutants exhibit low-to-no galactose uptake (Boos 

et al., 1988, 1996; Boos and Sarvac 1970; Weickert and Adhya 1992, 1993). The gal operon consists of 

galS and galR repressors, overlapping promoters P1 and P2, external OE and internal OI operators, cyclic 
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AMP receptor protein (CRP), and three enzymatic genes galE (epimerase), galT (galactose transferase), 

and galK (galactokinase) (Figure 1-11; Hua and Markovitz 1975; Queen and Rosenberg 1981; Adams et 

al., 1987; Horvath et al., 2010; Lewis and Adhya 2015). 

 

 

Figure 1-11. Proteins and Regulatory Components of the E. coli D-Galactose Transport System. The 

D-galactose transport and metabolic system in E. coli involves approximately 12 genes, including both 

protein-coding genes and small RNAs, as identified through bioinformatics analysis. Central to this system 

is the MglABC transporter complex, which facilitates the uptake of galactose. Its expression is tightly 

regulated by the transcriptional repressors GalS and GalR. Regulatory interactions are depicted with red 

lines indicating repression and green lines indicating activation. 
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Under glucose-limited conditions, transcription and induction of the mgl operon are regulated by the galS 

repressor, where GalS can control transcription even in the absence of GalR. GalS is negatively regulated 

by the galactose inducers and positively regulated by the cAMP receptor protein, while galR is 

constitutively expressed (Lengeler et al., 1971; Weickert and Adhya 1992; Death and Ferenci 1993; 

Weickert and Adhya 1993; Horvath et al., 2010). The hydrophilic MglA protein is closely linked to the 

cytoplasmic membrane, spans the membrane, and probably supplies the transport system with ATP (Hogg 

et al., 1991; Mimura et al., 1991). This complex system provides a pathway for the passage of water-soluble 

substrates through the hydrophobic barrier and directly interacts with the solute-binding protein MglB 

located on the periplasmic side of the membrane (Rotman and Guzman 1982; Hogg et al., 1991; Mimura 

et al., 1991). MglC is a 336-amino-acid hydrophobic protein likely situated on the internal face of the 

cytoplasmic membrane, where its localization has been estimated based on its direct interaction with the 

cytoplasmic domain of MglA (Harayama et al., 1983; Hogg et al., 1991). A null mutation of one or all of 

the mgl-A, -B, or -C genes would result in deficient galactose uptake, while the mutation of the galS 

repressor would increase the mgl expression in the cell (Lengeler et al., 1971; Notley-McRobb and Ferenci 

1999). 
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Additional rex-dependent Phenotypes   

 
Several other noteworthy Rex-related phenotypes have been noted in conjunction with the central mystery 

of T4rII exclusion. These phenotypes are not directly related to the exclusion itself but rather are associated 

with the physiological manifestations of the rex genes and the activation of Rex. For example, when there 

is no infection and cells are exposed to UV light, the DNA photolyase enzyme is amplified, where the 

activity or the expression of this enzyme is increased (the gene product of the phr gene). This enzyme 

attaches to DNA pyrimidine dimers to fix the DNA damage caused by UV light exposure (Li et al., 1992; 

Fix 1993). In the presence of the rexA and rexB genes, this protein-DNA interaction activates Rex, leading 

to the cessation of cellular metabolism. (Li et al., 1992). The authors propose that the interaction between 

photolyase and DNA acts as a "trigger" for the activation of Rex. Conversely, Li et al. (1992) performed 

experiments assessing the expression of lacZ in the presence of amplified photolyase. The results revealed 

that rex+ λ lysogenic cells showed increased gene inactivation following ultraviolet (UV) exposure 

compared to rex¯ λ lysogens or non-lysogens. They discovered that either rexA or rexB mutations could 

reverse the Rex exclusion. This suggests that the interaction of UV-induced pyrimidine dimers with 

photolyase serves as a trigger for Rex activation, resulting in the cessation of macromolecular synthesis in 

E. coli cells. 

Additionally, when λ lysogens are exposed to low doses of UV light, the substitution of the rexA or rexB 

genes with a green fluorescent protein (GFP) reporter results in reduced induction compared to lysogens 

retaining the intact rexA and rexB genes, suggesting that one or both Rex proteins contribute to prophage 

induction (Baek et al., 2003). This finding indicates that both RexA and RexB, or at least one of them, may 

be involved in enhancing the λ prophage induction. This supports the theory that rex genes play a role in 

the genetic switch from lysogeny to the lytic phase (Thomason et al., 2021).  The rex genes have been 

associated with modifying cellular responses to DNA damage induced by UV light and alkylating agents, 
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indicating an increased sensitivity (Fix 1993; Thomason et al., 2021). To put it differently, the combined 

expression of rexA and rexB can enhance the UV sensitivity of E. coli, while the degree of sensitivity is 

regulated by the ratio of RexA to RexB (Parma et al., 1992; Li et al., 1992; Fix 1993). The extent of 

energetic dysfunction depends on the ratio of RexA to RexB; the higher the RexA, the greater the damage. 

However, the presence of RexA without RexB does not exert a toxic effect (Parma et al., 1992; Li et al., 

1992; Fix 1993). This could be due to a defect in the PLIT promoter, resulting in a reduction of RexB level. 

RexB is also produced from a second promoter, PLIT, which is embedded within the rexA gene (Fix 1993; 

Thomason et al., 2019). Cells exposed to MNU (N-methyl-N-nitrosourea) exhibited sensitization attributed 

to the expression of rexA-rexB from either a prophage or a low-copy plasmid, even without stimulation for 

mutagenesis. Fix (1993) suggested that the inhibition of repair for DNA damage caused by UV and 

alkylating agents may arise from DNA-protein interactions during the repair process, potentially signalling 

Rex exclusion. In this context, SOS responses may represent a form of "self-exclusion" in λ lysogens. Fix 

(1993) did not analyze the individual effects of RexA or RexB, suggesting that Rex's influence on DNA 

damage sensitivity might represent a broader consequence of the overall Rex exclusion phenotype.  

The λ red (exo and bet) genes encode the λ generalized recombination system, Red, and act at the replication 

fork to enhance the phage replication system (Toothman and Herskowitz 1980). The ren gene is adjacent 

to the λ DNA replication genes O and P and plays a role in λ DNA replication and repair (Thomason and 

Court 2022). Both λ red and λ ren circumvent Rex during λ infection and replication (Toothman and 

Herskowitz 1980; Thomason and Court 2022). Evidence suggests that deleting either the ren or red genes 

heightens λ sensitivity to Rex. (Toothman and Herskowitz 1980; Thomason and Court 2022). Without the 

Red system, phage DNA is more likely to be recognized as abnormal, triggering RexA sensing and 

subsequent the activation of RexB. Deleting either ren or red disrupts the phage’s ability to maintain normal 

DNA replication and repair or effectively transition to lysis. This leaves the phage more exposed to RexAB-

mediated defenses, which sense and respond to these molecular abnormalities. The Red recombination 
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proteins may protect λ from Rex exclusion by addressing the molecular triggers that activate Rex or 

restoring the damaged DNA caused by the Rex phenotype (Daniels et al., 1983). Recently, Thomason and 

Court (2022) found that the ren gene can rescue UV sensitivity and correct the Rex-mediated lysis 

phenotype caused by the expression of RexA and RexB.  RexA and RexB may interfere with the NADH 

dehydrogenase I (NDH-1) complex, leading to NAD+ limitation and reduced DNA ligase activity, which 

in turn causes replication and recombination defects. However, Ren expression may counteract the effects 

of RexA and RexB by promoting lysine transfer RNA (tRNA) thiolation, which helps maintain a balanced 

redox state in the cell and the λ phage's ability to modulate the host's cellular environment for its benefit 

(Thomason and Court 2022).   

Gene l of bacteriophage T5 is essential in facilitating the bacteriophage’s transfer of its DNA into host cells 

and subsequent degradation of host DNA (Zivanovic et al., 2014). Jacquemin-Sablon and Lanni (1973) 

found that T5l mutant phages were excluded from λ lysogenic cells. T7 20 mutant phages were also found 

to be eliminated from λ rex+ lysogens, where gene 20 exhibits significant sequence similarity to rII of 

bacteriophage T4, which is essential for suppressing Rex. This Rex-dependent interference likely happens 

later in the lytic cycle, particularly during DNA packaging (Pao and Speyer 1975). 
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1.2. The rII Genes of Lytic Bacteriophage T4 
 

 1.2.1. Bacteriophage T4 and the rII Genes 

 
The Enterobacteriaceae phage T4 is a member of the T-even coliphage family that infects the bacterium E. 

coli. It is exceptionally distinguished by its capability to undergo only a lytic replication lifecycle. T4 

encapsulates a linear double-stranded DNA genome of 168,903 base pairs within its icosahedral head 

(Carlson et al., 1994; Kutter et al., 1995; Miller et al., 2003). The lytic T4 is one of the largest known phages 

and has been thoroughly studied in bacterial molecular genetics, contributing to many important discoveries 

in the history of genetics. The rapid lysis (rII) genes of lytic phage T4 suppress the Rex phenotype. 

Following the discovery of the exclusion phenotype, the rIIA and rIIB genes have been thoroughly studied 

to understand their characteristics and uncover the mechanism of Rex (Benzer, 1955, 1959). While the rIIA 

and rIIB genes (rII locus) are the most studied and mapped to date, their exact functions are still unknown 

(Benzer 1955).   

 

The T4 and other T-even phages are known for their ability to control the timing of lysis in host cells 

(Paddison et al., 1998; Abedon et al., 2003). Simultaneously, they can utilize all available host resources in 

the environment to enhance phage propagation. At an optimal temperature of 37 °C, wild-type T4 infects 

bacterial host cells and lyses them in approximately 25 to 30 minutes, releasing between 100 and 200 

progeny per cell (Abedon et al., 2003). During the first three minutes of initial infection, if other external 

“superinfecting” T-even phages are present in the culture, the lysis timing can be postponed for several 

hours (Doermann 1948; Abedon et al., 2003). The onset of the lytic cycle is influenced by the multiplicity 

of infection (MOI), where the infecting phage replicates and grows within the host cell for hours, ultimately 

releasing up to 103 new progeny per cell (Doermann 1948; Abedon et al., 2003).  
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The Lysis Inhibition phenotype (LIN) refers to the T4 phage’s ability to delay its entry into the lytic cycle 

and postpone the lysis timing. This leads to a dramatic increase in the number of progenies released, 

increasing the burst size compared to regular lysis. (Hershey 1946; Benzer 1955). It was observed that LIN 

can be easily isolated and identified from rapid lysis mutants on plates seeded with E. coli B; the rII genes 

(rIIA-rIIB) are necessary for establishing LIN in E. coli B strains but not K strains (Hershey 1946; 

Doermann 1948; Benzer 1955). The classical wild-type T4 phage generates small, fuzzy-edged plaques, 

whereas the T4 r mutants, which cannot establish the LIN phenotype, form large, sharp-edged plaques as a 

result of rapid lysis (Figure 1-12; Hershey 1946; Benzer 1955). 
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Figure 1-12. Plaque Morphology of Wild-Type T4 and T4rII Mutants on E. coli B and K-12 λ 

Lysogens Demonstrating the Rex Exclusion Phenotype. On E. coli B, wild-type T4 phage forms small 

plaques with diffuse, fuzzy edges, while T4rII mutants produce larger plaques with sharply defined edges. 

In contrast, on E. coli K-12 λ lysogens, wild-type T4 continues to form small plaques, but T4rII mutants 

are unable to form plaques, indicating complete exclusion. This inability to form plaques on λ lysogens is 

characteristic of the Rex exclusion phenotype, mediated by the RexA/RexB system. 
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Hershey (1946) and Benzer (1955) utilized the LIN phenotype to identify and map the first three rapid lysis 

loci of bacteriophage T4: rI gene, an anti-holin; the rII genes rIIA and rIIB, which are both needed to 

establish LIN; and the rIII gene, whose function has yet to be identified. Interestingly, the expression of 

rexB alone, whether from a multicopy plasmid or a rexA-rexB+ phage, can suppress LIN in E. coli K strains 

infected by the T4rII phage (Slavcev and Hayes 2002). This suggests that RexB can function independently 

of RexA to modify the host-phage interaction, possibly by disrupting the mechanism that T4 uses to induce 

delayed lysis. The suppression of LIN by RexB suggests that the RexB protein interferes with the signalling 

or membrane integrity processes necessary for lysis inhibition, effectively restoring the normal lytic cycle 

in which the bacterial cell rapidly lyses after infection and propagates more efficiently (Paddison et al., 

1998; Slavcev and Hayes, 2002). 

 

1.2.2. Types of the Rapid Lysis “r” Mutations 

The discovery of T4 r mutants has been essential for understanding genetic recombination, the nature of 

the genetic code in T4 phage, and the method of point mutations at the nucleotide level. The T4 genomics 

analysis confirmed the location of five central r genes within the T4 genome map (Miller et al., 2003; Burch 

et al., 2011). The rI gene encodes the anti-holin periplasmic protein of bacteriophage T4, which is secreted 

into the periplasmic membrane and likely acts as a “sensor” to detect superinfection by other classical T-

even phages (Paddison et al., 1998). If superinfection occurs, the release of anti-holin protein RI inhibits 

the T holin protein of T4 (RV) to form pores in the host cell membrane (Paddison et al., 1998).  

So far, the rIII gene product has no clearly recognized function. However, it was suggested that RIII may 

enhance the interaction between RI and T-holin during LIN by providing a stabilizing effect (Ramanculov 

and Young 2001). The RIV protein was hypothesized to localize in the periplasm and is suggested to play 

a role in fixing the damaged membrane during T4 attachment and DNA injection (Abedon et al., 2003; Kai 

et al., 1999). The RV (T holin) is an essential protein encoded by dsDNA phages. It serves a function very 
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similar to that of the λ S holin function, even replacing it during in vivo λ infection (Lu and Henning 1992). 

Notably, the overexpression of RexB can also suppress the T4 t and λ S mutations (Slavcev and Hayes 

2005). RV accumulates in the host’s inner membrane, strategically timed during infection, to control the 

establishment of the lytic cycle and facilitate the release of new T4 progeny (Young 1992). When the T4 

lytic cycle begins, the T holin protein forms holes in the cytoplasmic membrane. This action directs the gpE 

muralytic endolysin enzyme (lysozyme) to its target in the periplasm, where it hydrolyzes peptide bonds in 

the peptidoglycan layer, thereby lysing the cell (Josslin 1971; Young 1992). Dressman and Drake (1999) 

suggested that the isolated rV mutants probably regained holin activity but lost sensitivity to suppression 

by RI. This indicates that although the rV mutants maintained their function in facilitating cell lysis, they 

were no longer controlled or inhibited by the RI protein, resulting in a loss of lysis inhibition. This finding 

provided valuable insights into the mechanisms of lysis and lysis inhibition in bacteriophage T4. 

The lytic RII proteins of T4 consist of RIIA, approximately 82.9 kDa, and RIIB, approximately 35.5 kDa. 

Both RII proteins appear to be ATP-dependent proteins linked with the host's inner membrane (Weintraub 

and Frankel 1972; Ennis and Kievitt 1973; Takacs and Rosenbusch 1975; Huang 1975). The rII mutants 

cannot grow on E. coli lysogenized with λ, indicating that both genes are essential for T4rII+ viability 

(Huang 1975; Takacs and Rosenbusch 1975). The RII proteins are not critical for T4 growth on rex+ 

lysogenic cells until 10 minutes post-infection. Before the 10-minute post-infection mark, the rll mutant 

behaves similarly to the wild-type T4rII+ phage in terms of oxygen consumption and DNA and protein 

synthesis. After the ten-minute mark, host metabolism significantly decreases in T4rll-infected cells 

(Sauerbier et al., 1969; Parma et al., 1992; Miller et al., 2003).  

However, the role of the rII genes in T4 replication and DNA recombination is poorly understood (Manoil 

et al., 1977). The RII proteins are hypothesized to localize in the inner membrane of E. coli, and the rII 

genes are expressed early in T4 host infection (Huang 1975; Takacs and Rosenbusch 1975). The RII 

membrane-associated proteins are suggested to play a structural role in linking the T4 efficient replication 
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complex to the host internal membrane (Mosig et al. 1984; Mosig 1987; Parma et al., 1992; Snyder and 

Kaufmann 1994; Paddison et al., 1998). It has been suggested that RIIA exhibits some DNA-binding 

activity, and when combined with RIIB, it helps stabilize the replication machinery and facilitates DNA 

synthesis (Huang and Buchanan 1974; Miller et al., 2003). Mutations in either rIIA or rIIB can suppress 

gene mutations essential for recombination, replication, and DNA packaging (Mosig et al., 1984; Mosig 

1987). Reducing rIIA and rIIB levels has been linked to restoring T4 propagation in instances where the T4 

ligase (gene 30) is missing or defective (Ebisuzaki and Campbell 1969; Berger and Kozinski 1969; Karam 

et al., 1979). Without T4 ligase activity, endonuclease nicking of T4 DNA remains unrepaired, leading to 

significant DNA degradation (Rossella et al., 1997; Edgell et al., 2010). This issue can be minimized 

through mutations in rIIA or rIIB, resulting in a similar effect to that of endonuclease II-ligase double 

mutants (Warner 1971). RIIA and RIIB were proposed to either enhance the activity of existing phage 

endonucleases or serve as endonucleases independently (Berger and Kozinski 1969). Later discoveries 

revealed that the RII rescue of phages lacking ligase functionality relied entirely on the presence of a host 

ligase (Gellert and Bullock 1970; Mosig and Breschkin 1975; Karam et al., 1979). This suggests that F 

products, typically involved in phage replication and assembly, may hinder the host ligase's ability to 

compensate for the T4 deficiency ligase (Altmann and Gennery 2016).  
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1.2.3. The motA Gene of Bacteriophage T4  

Alongside the rex genes of bacteriophage λ and the rII genes of bacteriophage T4, the T4 motA (modulation 

of transcription) gene was also identified as an influencing factor on Rex. MotA, as a transcriptional 

activator that, together with AsiA, redirects host RNA polymerase to T4 middle promoters (mot boxes), 

enabling expression of middle genes (Mattson et al., 1974; Guild et al., 1988; Pande et al., 2002). Mutations 

in motA can suppress Rex-mediated exclusion, allowing T4, including rII mutants, to propagate in λ 

lysogens (Mattson et al., 1974; Shinedling et al., 1987). The onset of the Rex system activates MotA, 

leading to all the associated cellular manifestations of exclusionary (Johnson and Hall 1973; Mattson et al., 

1974). The double mutation of rII and motA was found to bypass the Rex-mediated exclusion and was 

named the Rex Immunity (rim) system (Mattson et al., 1974). As a result, T4 can infect and propagate 

regardless of the presence of Rex in the cell. Parma et al. (1992) also noted that motA mutants could also 

delay the drop in the membrane potential after T4rII infection of λ lysogens.  
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Summary 

The Rex phenotype is a very complex and convoluted collection of phenotypes. Since Seymour Benzer 

discovered the Rex phenotype in 1955, he and other researchers have made many attempts to better 

understand the genomic sequence and protein locations of Rex, the mechanism of T4rII exclusion, RII-

mediated suppression of Rex, and other peripherally connected phenotypes. It has long been believed that 

E. coli host proteins are involved in this pleiotropic phenotype, and their identification was sought as the 

“holy grail” to elucidate the Rex mechanism. It has been shown that the ionic environment is critically 

relevant to Rex activity, which can be inhibited by polyamines and divalent cations (Garen, 1968). Slavcev 

et al. (2003) noted that mutants of ompF, an outer membrane protein (Omp) that functions in 

osmoregulation, attenuated Rex activity. This observation was later confirmed by Alattas et al. (2020), who 

further uncovered the influence of OmpA, OmpW, OmpX, and OmpF in Rex activity and the attenuation 

of Rex in their absence, to varying severity. Additionally, a system was designed to isolate and characterize 

E. coli mutants that attenuate T4rII exclusion, providing essential insights into the functionality of Rex and 

the mechanism behind its activation. In this PhD project and upon application of the designed system, a 

host gene involved in Rex attenuation – the membrane protein MglC – was identified, supporting the 

hypothesis that Rex is a complex, multifactorial system. 

In addition to the outer membrane proteins, many other membrane-associated systems, such as the Tol 

system, Pal, Mgl, and Gal, were investigated as potential contributors to the physiological manifestations 

of Rex. Given the intricate network of osmotic control and physiological states associated with Rex, sigma 

factors were also examined for their role in regulating gene expression during the transition from growth to 

stress phases. The mechanism underlying Rex exclusion has remained intricate and challenging to clarify, 

and the precise manner by which RII mediates the bypass of Rex remains mysterious. The data presented 
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here identify several novel host genes involved in Rex, leading to the proposal of a new mechanistic model 

to understand their interactions with RexA/B and RII. 
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Chapter 2                                                                            

Project Hypothesis and Objectives 

2.1 The Current Model and Rationale 
In Alattas’ MSc Thesis (2015), work, based on a mutagenesis of host genes approach, while retaining the 

rex+ genotype, a Rex activity model involving some of the outer membrane proteins was developed. Since 

then, a comprehensive mutational analysis has been conducted, including many additional outer membrane 

protein genes related to Rex activity. While no single mutation completely abrogated the exclusion 

phenotype, it was postulated that the involvement of Omps would be either indirect or part of a complex 

signalling pathway stimulated by superinfection or Rex activation.  

∆ompA mutants carrying a high-copy rex+ plasmid exhibited an enhanced Rex phenotype, “hyper-Rex”, 

that conferred the ability to exclude not only T4rII but also T4. OmpA was suggested to may serve as a 

direct target for Rex proteins under natural exclusionary conditions. Upon the inhibition or targeting of 

OmpA, cells may undergo morphological changes, resembling a stationary phase state of arrest. 

Additionally, the ∆ompA mutants exhibited over a hundred-fold increased sensitivity to T4rII killing during 

infection, suggesting once more that Rex activity is heightened in these cells and is likely irreversible, 

leading to cell death at the onset of Rex. The heightened Rex phenotype observed with excessive expression 

of rexA-rexB genes may therefore be attributed to the more effective inhibition of OmpA, which is highly 

expressed and represented in the outer membrane. Given the reduced plating of T4 by ∆ompA mutants 

(rex+), OmpA was proposed either as a direct target for inactivation by RexA and/or RexB, which may 

compete with RII proteins at that site to inhibit OmpA, or alternatively, RII may require interaction with 

OmpA to suppress Rex.  
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The membrane porin OmpW regulates the transport of various solutes across the outer membrane (OM). 

Mutation of ompW reduces Rex activity by more than 3 × 103-fold in a rex+ context. Given the observed 

modulation of Rex activity by both OmpA and OmpW, along with their relationship to σE, it is quite enticing 

to postulate that σE, via micA and/or rybB expression, is directing the harsh physiological conditions 

associated with Rex due to the known osmotic imbalance related to membrane destabilization induced by 

Rex triggering, which may involve the reduction of OmpA in the outer membrane. The cell-killing effect 

associated with Rex may thus be directly linked to the σE-mediated OM destabilization arising from the 

down-regulated expression of ompA in the outer membrane, as explained in the introduction, Chapter One. 

Furthermore, underproduction of OmpX has also been noted to reduce σE activity in E. coli as a “strain-

dependent” phenotype, which may further explain the reduction in Rex activity associated with this 

mutation in rex+ cells. OmpX or OmpF, either in conjunction with OmpC, are viable candidates involved 

in Rex activity, based on their functions and what is known about the Rex proteins.  

The ionic environment is crucial for the onset of the Rex phenotype – monovalent cations are essential for 

its initiation, while divalent cations attenuate the phenotype. Upon infection with T4rII, OmpX, as a 

virulence factor, can protect E. coli cells by maintaining the surface hydrophobicity and the negative charge 

on the cell surface. Puncturing the cell surface through T4rII phage adsorption would disrupt surface 

stability, activating Rex, which would allow OmpX to re-stabilize the surface hydrophobicity and send a 

signal to σE to initiate the stress response. This would influence subsequent cell adhesion and susceptibility 

to infection, as well as the stability of host cells. In the absence of OmpX, σE activation would not ensue. In 

contrast, OmpW, OmpF, and OmpC may be indirectly involved in triggering Rex by modulating osmotic 

stress, which includes activation of σS, potentially initiated by RexB-mediated disruption of the membrane 

potential. Deletion of one of these genes would decrease the rate and ability of cells to sense and correct 

osmolarity, and to enter the stationary phase before T4rII can replicate, thereby increasing the plating 

efficiency of T4rII in these rex+ mutants. 
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T4rII adsorbs to OmpC on the outer surface of the host. OmpC and OmpF function as cation-charge 

channels but also play significant roles in influencing Rex activity, with OmpC, particularly the T4 

adsorption site, being a key target candidate. OmpF and OmpC regulate cell osmolarity in response to 

changes in the growth medium's osmolarity. When cells grow in high osmotic medium, ompC is 

preferentially expressed; in contrast, in a low osmotic environment, ompF is expressed to stabilize cellular 

osmosis.  

The penetration of a T4 phage’s tail will lyse the peptidoglycan of both the outer membrane and the inner 

membrane, causing a disturbance in periplasmic and cytoplasmic osmolarity. In this scenario, the cytoplasm 

becomes more acidic than usual, resulting in the stimulation of the phosphatase enzyme via OmpR (EnvZ) 

and heightened ompF expression to restore cell osmolarity (K+ efflux). This action could result in 1) 

increased diffusion of cation charge through OmpF ion channels outside cells; 2) the presence of 

monovalent cation charges in the medium that permit Rex ‘activation’; and 3) production of free σS and σE 

factors to initiate a cellular ‘stationary-like’ phase.  Deleting ompF might reduce Rex activity and slightly 

allow T4rII plating due to the inability of this mutant rex+ lysogen to restore the normal osmotic state of 

monovalent cations inside the cell after infection, which is essential for initiating Rex (Figure 2-1; Alattas 

MSc. Thesis, 2015). 
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Figure 2-1. Proposed Model of Rex System Activation Involving Outer Membrane Proteins. Under 

stress conditions, E. coli increases the production of outer membrane proteins (Omp), resulting in elevated 

expression of the sigma factor σE and inducing a stationary phase-like physiological state. The Rex system 

may be activated either by general Omp activity or by specific Omps, triggering a shift in cellular 

metabolism. This model suggests a regulatory link between envelope stress responses and Rex-mediated 

exclusion. Figure key: Blue ovals/cylinders, outer membrane proteins (Omps); Gray diamonds, RII proteins 

of T4 phage; Red boxes, Rex proteins of λ; Yellow boxes, small RNAs regulating omp genes transcription 

and Omp expression; Green ovals, regulatory proteins controlling sigma factors expression; Blunted arrows 

indicate inhibition/downregulation/blocking expression; Regular arrows indicate 

stimulation/upregulation/initiation of expression; OM: outer membrane; IM: inner membrane. 

 

 
Based on these leads, the following hypothesis is formulated, which will be evaluated through the ensuing 

objectives for the current work.  



 

  

 

56  

2.2 Hypothesis 
 

The Rex-mediated establishment of a harsh, yet transient, cellular environment is dependent 

on the coordinated action of λ rexA and rexB, in conjunction with E. coli host stress response 

genes, to enact this complex yet reversible scenario. The onset of Rex represents the induction 

of a native membrane stress response in E. coli, as a physiological state that is aberrantly 

triggered by activation of the Rex system, thereby conferring transient immunity to 

superinfection. 

  

The comprehensive and systematic analysis of host mutations that influence Rex may serve to identify the 

“puzzle pieces” involved directly and indirectly in “triggering” and inducing the cellular (physiological) 

manifestations of the Rex phenotype. Notably, this induced state mimics a naturally occurring membrane 

stress response in E. coli but is artificially triggered by the presence of phage elements associated with 

superinfection. Specifically, RexA acts as a sensor of foreign phage DNA or proteins. In contrast, RexB, a 

membrane-associated protein, modulates cellular ion homeostasis or membrane potential, resulting in a 

rapid but reversible physiological shift. This shift renders the host cell refractory to further phage infection 

by creating an intracellular environment incompatible with the injection, replication, or transcription of 

superinfecting phage DNA. Importantly, this response is non-lethal and reversible, allowing the host to 

recover normal physiological function once the threat of superinfection is resolved.  

In combination with the current understanding of the vital effects of the ionic environment and how 

monovalent and divalent cations, as well as polyamines, influence Rex activity, I hypothesize that, in 

addition to σE-dependent stress response proteins, other sigma-dependent stress response proteins and their 

regulators may be involved in the Rex mechanism. As such, assessing the influence of various σS stationary 

phase-related genes on Rex activity is necessary to further understand the mechanism behind T4rII 
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exclusion. Moreover, since we know so little about RexA, RexB, and RII proteins, it would further prove 

beneficial to develop a system for easily probing Rex protein interactions and localizations upon Rex onset 

and in the ‘primed’ state. 

The Rex phenotype is a very complex system; however, the information garnered from these experiments 

should further aid in our understanding of the Rex phenotype and the elucidation of this enigmatic exclusion 

mechanism.  

 

 

 

2.3  Objectives 
 

1. Identification of host genes influencing the Rex‾ phenotype via insertional mutagenesis. 

a. To screen and validate rex+ E. coli mutants that exhibit a Rex¯ phenotype by assessing their 

sensitivity to T4rII phage plating. These mutants, although genotypically rex+, display a 

phenotypic loss of Rex function. Enhanced T4 and T4rII plaque formation will serve as an 

indicator of disrupted host genes potentially involved in the Rex exclusion mechanism. This 

screening is performed as a result of an insertional mutation system, in which transposon 

insertions randomly disrupt host genes while simultaneously delivering a functional rex+ allele 

into the host genome. The dual function enables the identification of host genes that are 

directly or indirectly required for Rex activity. 

b. To identify host genes disrupted by transposon insertion that attenuate or abrogate rII 

exclusion. Inverse PCR will be employed to amplify and sequence the genomic regions 

flanking the Tn10 insertion sites. Functional annotation of these genes will elucidate their 

potential roles in the Rex pathway and provide mechanistic insights into host contributions to 

the exclusion phenotype. 
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2.  Functional screening of E. coli host genes involved in Rex/ RII activity. 

a. To systematically evaluate candidate membrane-associated genes and their regulators 

hypothesized to influence Rex activity. Using the Keio collection of single-gene knockouts, 

each strain will be tested for altered sensitivity to T4 and T4rII using a plating assay. A loss 

or reduction of Rex-mediated exclusion will indicate the involvement of the deleted gene in 

the Rex exclusion mechanism.  

b. To confirm the role of candidate genes identified in the knockout screen by the 

complementation assay. Restoration of Rex activity upon reintroduction of the wild-type gene 

will validate its functional contribution to the Rex phenotype.  

3. Development of a Rex protein visualization system and functional analysis using fluorescent 

tagging  

a.  To construct Green and Red Fluorescent Proteins (GFP and RFP)-tagged RexA, RexB, and 

RexAB fusion proteins at both N- and C-terminal sites. These constructs will be used to study 

the expression dynamics of Rex proteins via fluorescence microscopy.  

b. To assess the impact of fluorescent tagging on Rex function by evaluating T4rII plating 

efficiency in strains expressing the tagged constructs. This will determine whether the fusion 

site or Rex protein type affects Rex-mediated exclusion.  

c. To evaluate Rex protein expression and stability by comparing fluorescence signal intensity 

and distribution under induced and non-induced conditions. 

d. To assess the physiological effects of expressing tagged Rex proteins in host cells by analyzing 

colony morphology, growth characteristics, and transformation efficiency in both wild-type 

and λcI temperature-sensitive lysogens. This will help identify any deleterious effects 

associated with specific fusion constructs under varying genetic and environmental conditions. 
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Chapter 3                                                                     

Materials and Methods 

3.1 Strains and Plasmids 

Table 3-1 lists and describes all the plasmids, bacterial strains and phage strains used in this study. 

Table 3-1: Bacterial strains, phage, plasmids, and primers used in this study 

 

 

Designation   
 

Description Source 

 

Bacterial Strains 

  

DH5α  F-, Δ(argF-lac)169, ϕ80dlacZ58(M15),  

ΔphoA8, glnV44(AS), λ-, deoR481, rfbC1, 

gyrA96(NalR), recA1, endA1, thi-1, hsdR17  

E. coli Genetic Stock  

Collection (CGSC)  

#12384  

DH5α (λpir) 

 

DH5α lysogenized by phage λ434 (heteroimmune 

derivative) containing the pir gene 

Gift from Dr. Charles lab, 

Biology department, UW 

(2009) 

W3110 F-, λ-, IN(rrnD-rrnE)1, rph-1 CGSC# 4474 

BW25113 wt F-, 567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-

rhaB)568, hsdR514 

CGSC# 7636 

JW0427-1 ΔclpP::kmR, λ -  CGSC# 8590 

JW0727-1 BW25113 isogenic derivative: 

ΔtolQ786:: kmR 

CGSC# 8793 (Baba et al., 

2006; the Keio collection) 

JW0728-1 BW25113 isogenic derivative: 

ΔtolR787:: kmR 

CGSC# 8794 (Baba et al., 

2006; the Keio collection) 

JW0729-3 BW25113 isogenic derivative: 

ΔtolA788:: kmR 

CGSC# 8795 (Baba et al., 

2006; the Keio collection) 
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JW5100-1 BW25113 isogenic derivative: 

ΔtolB789:: kmR 

CGSC# 11174 (Baba et al., 

2006; the Keio collection) 

JW5437-1 BW25113 isogenic derivative: 

ΔrpoS746:: kmR 

CGSC# 11387 (Baba et al., 

2006; the Keio collection) 

UQ285 P90A5 isogenic derivative: rpoD285[ts] CGSC# 6328 (Isaksson et 

al., 1977) 

JW5503-1 BW25113 isogenic derivative: 

ΔtolC732:: kmR 

CGSC# 11430 (Baba et al., 

2006; the Keio collection) 

JW0739-1 BW25113 isogenic derivative: 

ΔgalM728:: kmR 

CGSC# 8802 (Baba et al., 

2006; the Keio collection) 

JW0740-3 BW25113 isogenic derivative: 

ΔgalK729:: kmR 

CGSC# 8803 (Baba et al., 

2006; the Keio collection) 

JW0741-1 BW25113 isogenic derivative: 

ΔgalT730:: kmR 

CGSC# 8804 (Baba et al., 

2006; the Keio collection) 

JW0742-1 BW25113 isogenic derivative: 

ΔgalE740:: kmR 

CGSC# 8297 (Baba et al., 

2006; the Keio collection) 

JW1224-1 BW25113 isogenic derivative: 

ΔgalU745:: kmR 

CGSC# 9110 (Baba et al., 

2006; the Keio collection) 

JW2027-2 BW25113 isogenic derivative: 

ΔgalF731:: kmR 

CGSC# 9664 (Baba et al., 

2006; the Keio collection) 

JW2135-1 BW25113 isogenic derivative: 

ΔmglC775:: kmR 

CGSC# 9730 (Baba et al., 

2006; the Keio collection) 

JW2136-1 BW25113 isogenic derivative: 

ΔmglA776:: kmR 

CGSC# 9731 (Baba et al., 

2006; the Keio collection) 

JW2137-1 BW25113 isogenic derivative: 

ΔmglB777:: kmR 

CGSC# 9732 (Baba et al., 

2006; the Keio collection) 

JW2138-1 BW25113 isogenic derivative: 

ΔgalS778:: kmR 

CGSC# 9733 (Baba et al., 

2006; the Keio collection) 

JW2805-1 BW25113 isogenic derivative: 

ΔgalR762:: kmR 

CGSC# 10192 (Baba et al., 

2006; the Keio collection) 

JW2910-2 BW25113 isogenic derivative: 

ΔgalP789:: kmR 

CGSC# 10251 (Baba et al., 

2006; the Keio collection) 

JW3996-1 BW25113 isogenic derivative: 

ΔlamB732:: kmR 

CGSC# 10877 (Baba et al., 

2006; the Keio collection) 

JW1667-5 BW25113 isogenic derivative: 

Δlpp-752::kmR 

CGSC # 9417 (Baba et al. 

2006; the Keio collection) 

JW2974-1 

 

BW25113 isogenic derivative: 

ΔexbB779:: kmR 

CGSC# 10285 (Baba et al., 

2006; the Keio collection) 

JW2973-1 BW25113 isogenic derivative: 

ΔexbD778:: kmR 

CGSC# 10284 (Baba et al., 

2006; the Keio collection) 



 

  

 

61  

JW5195-1 BW25113 isogenic derivative: 

ΔtonB760:: kmR 

CGSC# 11229 (Baba et al., 

2006; the Keio collection) 

JW0146-2 BW25113 isogenic derivative: 

ΔfhuA766:: kmR 

CGSC# 8416 (Baba et al., 

2006; the Keio collection) 

JW5086-3 BW25113 isogenic derivative: 

ΔfepA721:: kmR 

CGSC# 11165 (Baba et al., 

2006; the Keio collection) 

JW1223-1 BW25113 isogenic derivative: 

ΔrssB744:: kmR 

CGSC# 9101 (Baba et al., 

2006; the Keio collection) 

JW1222-2 BW25113 isogenic derivative: 

ΔrssA743:: kmR 

CGSC# 9108 (Baba et al., 

2006; the Keio collection) 

JW0373-4 BW25113 isogenic derivative: 

ΔiraP747:: kmR 

CGSC# 8551 (Baba et al., 

2006; the Keio collection) 

JW1147-5 BW25113 isogenic derivative: 

ΔelbA749:: kmR (ΔiraM) 

CGSC# 9066 (Baba et al., 

2006; the Keio collection) 

JW5782-2 

 

BW25113 isogenic derivative: 

ΔyjiD724:: kmR (ΔiraD) 

CGSC# 11574 (Baba et al., 

2006; the Keio collection) 

   

 

Phage 

  

T4D 

 

Wild type T4 Obtained from Mosig G 

(2009), Slavcev lab Freezer 

Pro # 23 phage box 

T4rIIΔ1586 

 

Δ(rIIA-rIIB) Obtained from Mosig G. 

(2009), Slavcev lab Freezer 

Pro # 24 phage box 

λ (cI857) 

 

cI[ts]857, (rex+) NBRP # ME6104 (2009) 

   

 

Plasmids 

  

pUC19 High copy number plasmid; MCS-lacZα, ApR NEB # N3041S, Whitby, 

Canada  

pPL451 Mid copy number plasmid, ApR, driven by Lambda 

PR and PL promoters 

Love CA, Lilley PE, Dixon 

NE. Gene 176 (1996): 49–

53 

pBR322 ApR, TcR Bolivar et al., 1977 

pBS1479 High copy number plasmid contains TAP tag: 

Protein A (IgG-binding) + TEV cleavage site + 

Calmodulin-binding peptide (CBP). For C-

Gift from Dr. Edyta Marcon 

Donnelly Centre, 

University of Toronto 

(2021) 
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terminal tagging of proteins for tandem affinity 

purification (TAP) 

Puig et al., Methods (2001); 

Kilchert et al., Cell Reports 

(2015) 

pHA1 pUC19 [cI-rexA-rexB]; MCS- lacZα, ApR, pM-

cI857-rexA-rexB-timm 

Alattas MSc Thesis, 2015; 

Alattas et al., 2020 

pHA2 (pRex) pBSL199 [cI-rexA-rexB]; IS10-TcR, pM-cI857-

rexA-rexB-timm 

Alattas MSc Thesis, 2015; 

Alattas et al., 2020 

pPL451 -egfp EGFP cloned into MCS of pPL451 This study 

pPL451 

(eGFP::RexA) 

EGFP fused to the N-terminus of RexA in pPL451 

plasmid 

This study, made by 

GenScript 

pPL451 (eGFP-

linker-RexA) 

EGFP fused to the N-terminus of RexA and 

separated by linker, Linker sequence 

p(TSGSGSGSGSGT) 

This study, made by 

GenScript 

pPL451 

(RexA::eGFP) 

EGFP fused to C-terminus of RexA This study, made by 

GenScript 

pPL451 (RexA-

linker-eGFP) 

EGFP fused to the C-terminus of RexA and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT) 

This study, made by 

GenScript 

pPL451 

(eGFP::RexB) 

EGFP fused to the N-terminus of RexB This study, made by 

GenScript 

pPL451 (eGFP-

linker-RexB) 

EGFP fused to the N-terminus of RexB and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT) 

This study, made by 

GenScript 

pPL451 

(RexB::eGFP) 

EGFP fused to the C-terminus of RexB This study, made by 

GenScript 

pPL451 (RexB-

linker-eGFP) 

EGFP fused to the C-terminus of RexB and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT) 

This study, made by 

GenScript 

pPL451 

(eGFP::RexA-

RexB) 

EGFP fused to the N-terminus of RexA, RexB 

present on the same ORF and separated with 16 bp 

from RexA 

This study, made by 

GenScript 

pPL451 (eGFP-

linker-RexA-RexB) 

EGFP fused to the N-terminus of RexA and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT). RexB present on the same 

ORF 

This study, made by 

GenScript 
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pPL451 

(RexA::eGFP-

RexB) 

EGFP fused to the C-terminus of RexA. RexB 

present on the same ORF. 

This study, made by 

GenScript 

pPL451 (RexA-

eGFP::RexB) 

EGFP fused to the N-terminus of RexB, RexA 

present on the same ORF and separated with 16 bp 

from RexB 

This study, made by 

GenScript 

pPL451 (RexA-

eGFP-linker-RexB) 

EGFP fused to the N-terminus of RexB and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT). RexA present on the same 

ORF 

This study, made by 

GenScript 

pPL451 (RexA-

RexB::eGFP) 

EGFP fused to the C-terminus of RexB. RexA 

present on the same ORF 

This study, made by 

GenScript 

pPL451 (RexA-

RexB-linker-eGFP) 

EGFP fused to the C-terminus of RexB and 

separated by linker, Linker sequence  

p(TSGSGSGSGSGT). RexA present on the same 

ORF 

This study, made by 

GenScript 

pPL451 

(eGFP::RexA-

RFP::RexB) 

EGFP fused to the N-terminus of RexA. RFP fused 

to the N-terminus of RexB. All present on the same 

ORF 

This study, made by 

GenScript 

pPL451 (eGFP-

linker-RexA-RFP-

linker-RexB) 

EGFP fused to the N-terminus of RexA and 

separated by linker. RFP fused to the N-terminus 

of RexB and separated by linker. All present on the 

same ORF. 

This study, made by 

GenScript 

pPL451 

(RexA::eGFP-

RexB::RFP) 

EGFP fused to the C-terminus of RexA. RFP fused 

to the C-terminus of RexB. All present on the same 

ORF.  

This study, made by 

GenScript 

pPL451 (RexA-

linker-eGFP-RexB-

linker-RFP) 

EGFP fused to the C-terminus of RexA and 

separated by linker. RFP fused to the C-terminus of 

RexB and separated by linker. All present on the 

same ORF 

This study, made by 

GenScript 

pPL451 

(eGFP::RexA-

RexB::RFP) 

EGFP fused to the N-terminus of RexA. RFP fused 

to the C-terminus of RexB. All present on the same 

ORF. 

This study, made by 

GenScript 

pPL451 (eGFP-

RexA-RexB-linker-

RFP) 

EGFP fused to the N-terminus of RexA and 

separated by linker. RFP fused to the C-terminus 

and separated by linker. All present on the same 

ORF. 

This study, made by 

GenScript 
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Primer*** Target gene Sequence (5’- 3’) 

IS10 -F IS10 transposon (for amplify flanking 

region) 

CTTTGGTCACCAACGCTTTTCCCG 

IS10 -R IS10 transposon (for amplify flanking 

region) 

GGCCACGCGTCGACTAGTAC 

Tn10 Primer #1 -F Tn10 region (general amplification or 

sequencing of Tn10 region) 

TTGCTGCTTATAACAGGCACTGAG 

Tn10 Primer #2 -R Tn10 region (degenerate primer for 

inverse PCR, random hexamers) 

GGCCACGCGTCGACTAGTACNNN

NNNNNNNGCTGG 

Tn10 Primer #3 -F IS10-specific primer (flanking region 

amplification) 

CTTTGGTCACCAACGCTTTTCCCG 

Tn10 Primer #4 -R Tn10 region (adaptor or linker primer 

for inverse PCR) 

GGCCACGCGTCGACTAGTAC 

rexA -F rexA AATTGAATTCATGAGTAAAGGAG

AAGAACT 

rexA -R rexA AATTGAGCTCAGTTCTTCTCCTTT

ACTCAT 

rexB -F rexB AATTGAATTCATGGCTAGTGAAG

AGGTTGT 

rexB -R rexB AATTGAGCTCACAACCTCTTCACT

AGCCAT 

rexA-B -F rexA-rexB AATTGAATTCATGAGTAAAGGAG

AAGAACT 

rexA-B -R rexA-rexB AATTGAGCTCAGTTCTTCTCCTTT

ACTCAT 

ompA -F ** ompA CCGGTTTCAGGGTTGCTTTG 

ompA -R** ompA AAAGGCAGCGTTGAAAACGG 

ompF -F ** ompF ATGGCGACATGACCTATGCC 

ompF -R** ompF AAGTAGTAGGTTGCGCCCAC 

ompW -F ** ompW TCTCTCTGGCAGTGCCTTTG 

ompW -R** ompW GCAGCTCCCCAGGAATCTTT 

ompX -F ** ompX GCATGTCTTTCAGCACTGGC 

ompX -R** ompX TAACCAACACCGGCAATCCA 

mglC -F ** mglC CTCGGTGTGGCAGGGTTAAT 

mglC -R** mglC TCAGTGAATCCAGCGCTACG 

mglA -F ** mglA CGTCCTCCGGGGAATACTTG 

mglA -R** mglA ACGCAAGACGCAGAATTTCG 

mglB -F ** mglB TGGCCAGCATGTTATTCGGT 

mglB -R** mglB CCTTTACCATCGGCCAGGTT 

tolA -F ** tolA GGTGCGGTAGTTGAGCAGTA 
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tolA -R** tolA AAGCATTGTTCCCTTTCGCC 

lpp -F ** lpp ATGGTTTCTGGTGCACTGGT 

lpp -R** lpp AGTCAGCGCAGAATGGTGAA 

tolQ -F ** tolQ TCAATCGCATCTTGGGCCAT 

tolQ -R** tolQ TTACCCCTTGTTGCTCTCGC 

tolR -F ** tolR GAGGTCGTCGCGATCTCAAG 

tolR -R** tolR CCGATTTCACACCCGCACTA 

lamB -F ** lamB GCACGTTCCGGTATTGGTTG 

lamB -R** lamB TGAAATCAGCAGGAACGGCT 

rssA -F ** rssA TGCGATCGATTATCTGCGCT 

rssA -R** rssA ACCAACGGCAAAAGTTCGTC 

rssB -F ** rssB AGCAGGTATTTCGCTCGCTT 

rssB -R** rssB GACAACATCAAGCGCAGTCG 

rpoS -F ** rpoS AACTGTTATCGCAGGGAGCC 

rpoS -R** rpoS CCCTGCGTTTGCAGGATTTC 

iraD -F ** iraD TGCGACAATCACTTCAGGCT 

iraD -R** iraD CCAACCGCCATTATCCCAGA 

CGSC: Coli Genetics Stock Center     NEB: New England Biolabs  

**RE: Restriction enzyme, Xbal: TCTAGA, Overhang: 5′ CTAG.  

** All genes included in the complementation assay 

*** All primers were made by Sigma Aldrich, Oakville, Canada 
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3.2 Plasmid Maps 

Maps of pHA1 and pHA2 (pRex) are shown in Figures 3-1 and 3-2. PHA1 was used to introduce the rexA 

and rexB genes of λ into the cell, thereby conferring the Rex phenotype. pHA2 was used to create Rex¯ 

mutants through transpositional E. coli insertional inactivation mutations. 

 

Figure 3-1. Plasmid pHA1 Map. Plasmid PHA1is a high-copy-number plasmid derived from pUC19, 

engineered to carry the rexA and rexB genes. Their expression is regulated by the temperature-sensitive 

cI[ts] repressor, enabling conditional control of Rex system activation through temperature shifts. Source: 

Alattas MSc Thesis, 2015. 
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Figure 3-2. The pHA2 pRex Suicide Construct for Rex Operon Chromosomal Integration. The pHA2 

construct is a suicide plasmid based on the R6K origin of replication, carried by the vector pBSL199, which 

cannot replicate in wild-type E. coli (pir−). It contains a thermos-regulated PM-cI857-rexA-rexB-timm cassette 

flanked by two IS10 elements. Upon induction of Tn10 transposase expression, the mini-Tn10 cassette, 

encoding the rex operon, can transpose into the host chromosome, generating a library of insertional 

mutants. All resulting clones are genotypically rex+, ensuring that any isolated Rex− phenotype arises from 

insertional inactivation of host genes involved in Rex function.  This construct also encodes: lacIQ: a mutant 

lac repressor that modulates LacI expression; Ptac: an IPTG-inducible promoter controlling downstream 

gene expression; tnp: Encodes transposase enzyme, stimulates transposition of transposable element; mob: 

a mobilization gene enabling conjugative plasmid transfer between donor and recipient cells; ApR: 

ampicillin resistance marker on the plasmid backbone; TcR: tetracycline resistance marker within the 

transposable element. Source: Alattas MSc. Thesis 2015.  

 

 

 

 

 



 

  

 

68  

The plasmid pPL451 (Figure 3-3) was used as the backbone for generating a series of rex::egfp fusion 

constructs. The Rex proteins, RexA, RexB, and the combined RexA-RexB, were cloned individually or in 

combination into the MCS of pPL451, enabling either C-terminal or N-terminal fusion to GFP alone or 

both GFP and RFP. These constructs were designed to assess the expression, stability, and functional impact 

of fluorescently tagged Rex proteins. A comprehensive list of all generated constructs is provided in Table 

3-1, and their corresponding plasmid maps are presented in Appendix C (Figures Appendix C1-11).  

 

Figure 3-3. pPL451 Vector Map for Conditional Expression of rex::egfp Cassettes. This plasmid map 

illustrates the pPL451 vector, highlighting the multiple cloning site (MCS) where the rex::egfp fusion 

cassettes are inserted. The vector is designed for conditional gene expression, allowing controlled studies 

of Rex function and localization via eGFP tagging. Created by SnapGene. 
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The following maps of pUC19 and pBR322 were selected to facilitate the complementation assays. Both 

are well-characterized plasmids with features compatible with standard cloning techniques. pUC19 offers 

a versatile multiple cloning site (MCS) that supports flexible insertion of target genes. The pBR322 plasmid 

provides relevant restriction sites within the tetracycline resistance region, enabling the selection and 

expression of complementing alleles. The plasmid maps (Figures 3-4 and 3-5) illustrate the key restriction 

sites and structural features relevant to the cloning strategies used in the complementation assay. 

 

 

Figure 3-4. Plasmid Map of pUC19 Used in Complementation Assays. This vector features a high-copy 

origin of replication and a multiple cloning site (MCS) containing several restriction enzyme sites, allowing 

for flexible insertion of target genes. It's an ampicillin resistance marker that facilitates selection in E. coli. 

The map was generated using SnapGene. 
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3.3 Phage Lysate Preparation and Purification 

E. coli K-12 W3110 (wild-type host strain) was plated at 30 °C overnight (O/N). A culture was prepared at 

30 °C while shaking at 225 RPM O/N. A subculture was prepared from the overnight culture at a 1:100 

dilution and was grown to an optical density of A600 = 0.4 (Spectrophotometer, Fisher Bio-Scientific, Ottawa, 

Canada). Primary lysate serial dilutions were prepared in Tris-NaCl (TN) buffer pH 7.8 (Fisher Scientific, 

USA) in 1:10 increments to determine the optimal concentration before adding lysates to the bacterial 

stocks. Lysate dilutions of phage were added at a maximum volume of 300 μL to fresh cell cultures, along 

with 3 mL of top agar. The mixture was then immediately poured onto LB plates and incubated overnight 

Figure 3-5. Plasmid Map of pBR322 Used in Complementation Assays. The pBR322 vector 

contains a tetracycline resistance gene (Tet) region interrupted by the insertion of target genes at specific 

restriction sites. It offers a medium-copy origin of replication and is widely used for stable maintenance 

of cloned sequences. The plasmid map was generated using SnapGene. 
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at 37 °C. The plates were then examined for consistent and productive lysis patterns the next day, and 

productive plates were used to prepare phage lysates, where one of the following techniques was performed:  

 

1) Plate lysate preparation: Plates with productive lysis patterns were incubated at 4 °C for 4-24 h with 10 

mL of TN buffer. The solutions and top agar were transferred into pre-chilled conical tubes, and 45 μL of 

chloroform (CHCl3) was added. Lysates were incubated on ice for 20 min. To remove any cellular debris, 

the mixtures were centrifuged at 4 °C for 30 min and then filter-sterilized using a 0.45 μm polyether sulfone 

filter membrane (VWR, Mississauga, Canada). They were subsequently stored at 4 °C.  

2) Liquid lysate preparation: A single plaque was isolated and incubated with 300 μL of fresh O/N culture 

of wild-type cells at 37 °C for 30 min. Next, 10 mL of pre-warmed LB was added to the culture and 

incubated at 37 °C while shaking at 260 RPM for 4-5 hours. The cultures were monitored for a pattern of 

turbidity followed by clearing, at approximately 4-5 h, to a final A600= 0.05. The lysate was incubated on 

ice for 10 min, and 45 μL of CHCl3 was added before further incubation for an additional 10 min. Mixtures 

were centrifuged at 4 °C for 30 min at 12,000 RPM to remove cell debris and filter-sterilized using a 0.45 

μm polyether sulfone filter membrane (VWR, Mississauga, Canada). The filtrate was stored at 4 °C. 

 

3.4 Plate Overlay Phage Titration and Efficiency of Plating (EOP) Assay 

Lysate dilutions ranging from 10−2 to 10−8 phage/mL were prepared in TN buffer and added in 10 μL 

aliquots to 300 μL of fresh O/N W3110 culture. Top agar (3 mL) was added to the mixture and was 

immediately poured on LB plates. Each lysate dilution (10 µL) was dropped onto the solidified top agar 

and then incubated overnight at 30 °C. Plaque counts were calculated the following day relative to plating 

efficiency and Rex activity compared to the 100% control strain, W3110. 



 

  

 

72  

3.5 Assessing Rex and T4rII Activity 

Cultures of W3110/BW25113 (wt) and W3110/ BW25113 (λ) were prepared in 5 mL aliquots at a 1:100 

dilution. Cultures were then incubated while shaking O/N. The next day, 300 μL of culture was added to 3 

mL of top agar and poured immediately onto pre-warmed LB plates and then left at room temperature to 

solidify. Serial dilutions of T4 (wt) and T4rII lysates were prepared in TN buffer with concentrations 

ranging from 10−2 to 10−8 phage/mL to quantify plating efficiency and Rex activity. Lysates were added in 

10 µL drops onto W3110/ BW25113 (wt) and W3110/ BW25113 (λ) overlay plates. Plates were left to dry 

for 30 min, then incubated overnight at 30 °C. The following day, plates were assessed, and plaques (when 

evident) were quantified. 

3.6 E. coli K-12 Host Transformation 

E. coli strains and their resident plasmids are shown in Table 1. O/N cultures (5 mL) of host cells were 

prepared, shaking at 30 °C. Subcultures were prepared the following day at a dilution of 1:100 and grown 

for 3- 4 h (A600 = 0.4-0.6). Cells were incubated on ice for 10 min, then centrifuged at 4 °C RPM (Avanti J-

E Centrifuge, Beckman Coulter, Mississauga, Canada) for 30 min. The supernatant was discarded, and the 

pellet was washed with 20 mL of pre-chilled, sterile deionized water (ddH2O) to remove any charged 

particles that could interfere with the electroporation process. Cells were centrifuged at 4000 RPM again 

for 10 min at 4 °C. The supernatant was discarded, and the pellet was washed with 10 mL of pre-chilled 

sterile ddH2O. Cells were centrifuged at 4000 RPM for 10 min at 4 °C, and the pellet was resuspended to a 

final volume of 1.0-5.0 mL with pre-chilled sterile ddH2O. Small aliquots (100 μL per tube) were prepared, 

and plasmid DNA with a concentration ranging from 0.5 μg to 1.0 μg was added and mixed with electro-

competent cells. The mixture was then incubated on ice for 10 min. The mixture was added to the pre-

chilled electroporation cuvettes and pulsed for 3 seconds at 1000 V using the Electroporator 2510 

(Eppendorf, Mississauga, Canada). Cells were immediately resuspended in 1 mL of pre-warmed SOC 

medium and incubated at 37 °C, while shaking at 50 RPM for one hour. Aliquots of cells (200-250 μL) 
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were then plated on selection antibiotic plates and incubated overnight at 30 °C. Serial dilutions of 

electroporated cells were plated at various temperatures ranging from 23 °C, 30 °C, 35 °C, and 37 °C to 

assess the relative efficiency of transformation, where necessary. 

3.7 Calcium Chloride Heat Shock Transformation 

Calcium-competent E. coli cells (wild-type or mutants) were prepared (100 µL aliquots in microcentrifuge 

tubes) and left on ice for approximately 30 min to thaw. 100-200 ng of plasmid DNA was then added to the 

cells and left on ice for 30–45 minutes. Subsequently, the cells were placed in a 42 °C water bath for 90 

seconds and then immediately transferred to ice for 3 min. LB broth (1000 uL) was then added to the cells, 

which were subsequently incubated at 37 °C while shaking at 250 RPM for one hour. Next, 150 µL of cells 

were plated on LB agar plates containing the appropriate antibiotic. The plates were inverted and incubated 

overnight at 37 °C (approximately 16 –18 h). Negative control samples (without added DNA) were also 

transformed into competent cells to verify the absence of contamination. The next day, the plates were 

observed for the growth of colonies. 

 

3.8 Polymerase Chain Reaction Assay (PCR) 

The PCR method was used to amplify specific sequences and confirm the presence of particular gene 

sequences, as well as to construct new constructs for testing. The following sections outline the different 

types of PCR employed for this study.  

3.8.1 Colony PCR 

A single colony was streaked onto an LB plate and incubated overnight at 30 °C. One colony from the fresh 

plate was picked and diluted in 100 μL of DNase/RNase-free molecular grade water (Hyclone, Ottawa, 

Canada).To begin,  an initial heating step of the diluted colony was conducted at 94 °C for 10 min using a 

C1000 Touch™ Thermal Cycler (Bio-Rad, Mississauga, Canada). The forward and the reverse primers 
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were designed using Sigma Aldrich (Oakville, Canada) and diluted to small aliquots (1 mL/tube) to a final 

concentration of 1 IU/mL. 

The PCR reaction was prepared with 5 μL of diluted pre-heated template mixed with 10 μL each of forward 

and reverse primers,10 μL of DNA polymerase enzyme (Phusion Flash High-Fidelity PCR Master Mix, 

Fisher Scientific, Ottawa, Canada), and sufficient DNase/RNase-free molecular grade water (Hyclone, 

Ottawa, Canada) for a final volume of 25 μL per reaction. A negative control without template DNA was 

also prepared. The reaction cycle included an initial denaturation step at 98 °C for 30 sec, a denaturation 

step at 98 °C for 10 sec, an annealing step at 72 °C +/- 5C for 10 sec, an extension step at 72 °C for 3 min, 

then finally, an additional extension step at 72 °C for 10 min. Cycles of denaturation, annealing, and 

extension were repeated 30 times. After passing through the final extension cycle, the thermal cycling 

reaction was cooled to 4 °C, at which point the PCR reaction was completed. Reactions were then collected, 

and gel electrophoresis was performed by running the samples on a 0.8 % agarose gel. DNA bands of 

interest were identified based on fragment size. The PCR fragment was gel extracted using a gel extraction 

kit (Omega Bio-Tek, Norcross, USA), purified using a PCR cycle-pure kit (Omega-Bio-Tek, Norcross, 

USA), digested by restriction enzymes (RE) (NEB, New England Biolabs, Whitby, Canada)  and purified 

again using a miniprep kit (Plasmid Mini Kit I, Omega Bio-Tek, Norcross, USA). Finally, the DNA 

concentration was determined using the Nanodrop 2000 spectrophotometer at A260/280 ratio (Thermo Fisher 

Scientific, Ottawa, Canada).   

3.8.2 Preparation of Knock-Out Gene PCR Products 

To identify the interrupted host gene, primers were designed, approximately 25 nucleotides in length, with 

the forward primer 5’- CTTTGGTCACCAACGCTTTTCCCG - 3’ and the reverse primer 5’- 

GGCCACGCGTCGACTAGTAC - 3’ (Sigma Aldrich, Oakville, Canada), targeting the terminal ends of 

the two IS10 elements. 
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The colony PCR preparation and reaction were as follows: A single colony of each isolate was streaked on 

a Km plate (KmR marker from Keio collection strains) and incubated O/N at 30 °C. One colony from the 

fresh plate was picked and diluted in 100 μL of DNase/RNase-free molecular grade water (Hyclone, 

Ottawa, Canada), and the PCR reaction began with heating (initial heating step) the diluted colony at 94 

°C for 10 min (C1000 Touch™ Thermal Cycler, Bio-Rad, Mississauga, Canada). The forward and reverse 

primers were diluted to small aliquots (1 mL/ tube) to a final concentration of 1 IU/mL. Then, 5 μL of the 

diluted pre-heated template was mixed with 10 μL of each primer, 10 μL DNA polymerase enzyme 

(Phusion Flash High-Fidelity PCR Master Mix, Fisher Scientific, Ottawa, Canada) to a final volume of 25 

μL per reaction with DNase/RNase-free molecular grade water (Hyclone, Ottawa, Canada). A negative 

control without template DNA was also prepared.  

The cycling thermal reaction included an initial denaturation step at 98 °C for 30 sec, a denaturation step 

at 98 °C for 10 sec, an annealing step at 72 °C for 10 sec, an extension step at 72 °C for 3 min, and finally, 

an additional extension step at 72 °C for 10 min. Cycles of denaturation, annealing, and extension were 

repeated 30 times. After passing through the final extension cycle, the thermal cycling reaction was cooled 

to 4 °C, at which point the PCR reaction was completed. Reactions were then collected, and gel 

electrophoresis was performed by running the samples on a 0.8 % agarose gel. DNA bands of interest were 

identified based on fragment size. After several rounds of PCR to amplify the knocked-out gene product, 

the fragments were purified using a PCR Cycle-Pure Kit (Omega Bio-tek, Norcross, USA) and sent for 

sequencing (Bio Basic Inc., Markham, ON, CA). 

3.8.3 Inverse PCR and Mutant Identification  

Inverse PCR requires four critical primers to run two rounds of PCR. Using the Taq DNA polymerase 

enzyme (Fisher Scientific, Ottawa, Canada), inverse PCR can be performed according to the method 

described by Ochman et al. (1990) to amplify the Tn10-targeted fragment from the pRex plasmid (Figure 
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3-2). The primers were synthesized and designed from the Tn10 sequence and in the opposite orientation 

to those generally employed for PCR (Figure 3-6). A typical PCR mixture and conditions were used, with 

some optimizations required to accommodate specific primer requirements. Primers used in the inverse 

PCR reactions are listed in Table 3-1. The cycling thermal reaction for the first round (Tn10 primers 1 and 

2; Table 3-1) included an initial denaturation step of 95 °C for 5 min, a denaturation step of 95 °C for 30 

s, an annealing step of 30 °C for 1 min, an extension step 72 °C for 1 min, which was repeated 10x. Next, 

samples were heated to 95 °C for 30 s, 42 °C for 1 min, and 72 °C for 1 min, a process repeated 30 times. 

A 1:10 dilution of this first PCR reaction was used as a template for a second round, which included an 

initial denaturation step at 95 °C for 5 min, a denaturation step at 95 °C for 30 s, an annealing step of 50 °C 

for 45 s, and an extension step at 72 °C for 1 min, which was repeated 30x.  

Reactions were separated by gel electrophoresis on a 0.8% agarose gel. The presenting band (approximately 

800 bp) was extracted using the E.Z.N.A.® Gel Extraction Kit (Omega Bio-Tek). PCR fragments amplified 

from primers 3 and 4 were commercially sequenced (Bio-Basic Inc., Markham, CA).  

 

  

Figure 3-6. PCR Mapping of Tn10 Insertions in the E. coli Chromosome Using Four Designed 

Primers. To identify the chromosomal location of Tn10 insertions, four specific primers were designed: 

two flanking the insertion site within the host genome and two internal to the Tn10 transposon. PCR 

amplification using various primer combinations allows for precise mapping of insertion sites. Successful 

amplification patterns indicate the orientation and position of the Tn10 element relative to the host genome. 
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3.9 Plasmid Extractions, Digestions and Purifications for Ligation 

This section outlines the steps taken to produce the vector and inserts for ligation, which are used in 

generating new constructs using the restriction enzyme cloning method. The process begins with initial 

plasmid extraction and concludes with the final ligation step.   

3.9.1 Plasmid Extraction and Purification 

A single colony isolated from a successful transformation plate was cultured in 10 mL of LB medium 

containing antibiotics overnight at 37 °C with shaking. Resident plasmid was extracted and purified using 

a mini-prep kit (Plasmid Mini Kit I, Omega Bio-Tek, Norcross, USA). The plasmid was then eluted in 50-

100 μL of DNase/RNase-free molecular-grade water (Hyclone, Ottawa, Canada) and stored at 4 °C. The 

DNA concentration was determined using a Nanodrop 2000 spectrophotometer at A260/280 (Thermo Fisher 

Scientific, Ottawa, Canada).  

3.9.2 Plasmid Digestion and DNA Purification 

Plasmids were digested using specific restriction enzymes (Res) (New England Biolabs, Whitby, Canada). 

In a 600 μL sterile microcentrifuge tube (Eppendorf, VWR, Mississauga, Canada), 1 μg of plasmid, 5 μL 

of 10X CutSmart NEB buffer, 1 IU of RE were mixed, and DNase/RNase-free molecular grade water 

(Hyclone, Ottawa, Canada) was added to a volume of 50 μL. In this study, BamHI-HF, XbaI, EcoRI, and 

other enzymes were used to cut plasmids at a specific site in the MCS, or double digests were performed 

to cut plasmids to prepare them for ligation.    

The digestion reaction was then gently mixed and incubated at 37 °C for 1-2 h. Where required, the reaction 

was inactivated by heat shock at 64 °C for 10 min. The concentration of the DNA fragments was measured 

and assessed using a Nanodrop 2000 spectrophotometer at A260/280 (Thermo Fisher Scientific, Ottawa, 

Canada).   
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3.9.3 DNA Extraction and Purification 

The digested insert(s) and vector(s) fragments were separately mixed with 6X loading dye (New England 

Biolabs, Whitby, Canada) and electrophoresed on a 0.8% agarose gel at 100 V for 1 h or at 50 V for 3 h. 

The DNA bands were then visualized using a Spectroline UV Transilluminator (Thermo Fisher Scientific, 

Ottawa, Canada) and the vector and insert bands were recognized based on their sizes and compared to the 

1 kb ladder. The correct bands were then cut, collected, and purified using a gel extraction kit (Omega-Bio-

Tek, Norcross, USA). The vector/insert concentrations were measured using a Nanodrop 2000 

spectrophotometer at A260/280 (Thermo Fisher Scientific, Ottawa, Canada). Gel extraction was repeated as 

necessary to collect a concentrated volume of DNA required for subsequent manipulation.  

3.9.4 DNA Ligation 

A 1:3 or 1:5 ratio of vector: insert DNA was ligated using TV DNA ligase (NEB, Whitby, Canada). The 

ligation reaction contained the appropriate ng of vector and insert DNA, 1 IU of T4 DNA ligase enzyme 

(NEB, Whitby, Canada), and 10X T4 ligase buffer. DNase/RNase-free molecular grade water was added 

to a final volume of 25 μL. The negative control reactions contained insert only, vector only, and insert + 

vector without the ligase enzyme. Ligation reactions were mixed gently and incubated O/N at RT. The 

reactions were inactivated by heat shock at 64 °C for 10 min the next day and then kept on ice to proceed 

with transformation preparation as formerly described.  

3.9.5 DNA Cloning 

Following colony PCR and using designed primers to amplify the gene of interest, cassettes flanked by 

specific restriction sites are obtained. These are then digested with the same restriction enzyme and prepared 

for DNA ligation. The final step involves transforming the particular E. coli cells with the new constructs 

and preparing them for further experiments. All cloning steps are thoroughly described in the sections 

above. An example of successful cloning was conducted to create plasmids for a complementation assay, 



 

  

 

79  

as shown in the following diagrams. The first step is colony PCR to amplify the genes of interest and clone 

them into PUC19 in the MCS (Figures 3-4 and 3-7). 

 
 

 

Figure 3-7.  Step One in Construct Generation for Complementation Assay. In the first step of construct 

generation, colony PCR was performed using specifically designed primers to amplify the gene of interest, 

flanked by XbaI restriction sites. The amplified product and the pUC19 vector were both digested with 

XbaI, followed by ligation of the insert into the vector. This ligation product forms the initial construct used 

in subsequent cloning steps. Created with Biorender.com. 
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In the next step, plasmids created in Step One were used to digest and cut the cassettes encoding the genes 

of interest, and then they were cloned again into the final plasmid pBR322 to conduct the complementation 

assay (Figures 3-5 and 3-8). 

 

Figure 3-8. Step Two in Construct Generation for Complementation Assay. In the second step, 

constructs generated in Step One were digested with BamHI and SalI to excise the insert containing the 

gene of interest. Simultaneously, the pBR322 plasmid was digested with the same restriction enzymes to 

serve as the recipient vector. The insert and vector were then ligated, and the resulting recombinant plasmid 

was used to transform the appropriate E. coli mutants. Created with Biorender.com. 
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3.10 Cell Viability Assay 

Cultured cells of membrane protein gene mutants and other examined mutants containing high-copy rex+ 

plasmid pHA1 (Figure 3-1) or pUC19 were assessed for cell viability. The parent strain, BW25113 [pHA1], 

was used as a positive control, and BW25113[pUC19] was used as a negative control for Rex. The ΔompC 

mutant, which inhibits T4 attachment, was used as the negative control for infection. Cells were grown in 

LB + Ap and incubated at 30 °C while shaking at 225 RPM O/N. Subculture dilutions (1:100) of each were 

then prepared from the O/N cultures in LB + Ap and incubated at 30 °C while shaking at 225 RPM until an 

A600 of 0.8 was reached. The 1:100 subculture preparations were then prepared in TN buffer, and 200 μL 

aliquots were mixed with phage T4rII lysate at a multiplicity of infection (MOI) of 3. The mixture was 

gently mixed. The infected cells were incubated at 30 °C for 10- 15 min, then washed twice with 2 mL of 

TN buffer. Cells were resuspended to a final volume of 1 mL. The suspended cells were diluted again in 

1:1000 TN buffer, and 100 μL aliquots were prepared to be mixed with 3 mL top agar before being poured 

onto pre-warmed LB + Ap plates. The preparations were incubated at 30 °C for 48 hours. 

 

3.11 Infective Center Assay 

The infective center assay was used to quantify the number of bacterial cells successfully infected by phage 

particles. This method involves allowing phages to adsorb to host cells, washing away unbound phages, 

and plating the infected cells to determine infective centers based on plaque formation. O/N cultures of 

mutant [pHA1] cells as experimental strains, the parent strain BW25113 wt [pHA1] as the positive control, 

and BW25113 [pUC19] and JW2203-1 ΔompC [pHA1] as the negative controls, were grown in LB + Ap 

and incubated at 30 °C while shaking at 225 RPM. Subcultures (1:100 dilution) were then prepared in LB 

+ Ap and incubated at 30 °C with shaking at 225 RPM until an A600 of 0.8 was reached. Approximately 2 

mL of culture was then centrifuged at 10,000 RPM for 10 min, and the cells were resuspended in 1 mL of 
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CaCl2. T4rII lysate was then added at an MOI of 3 and allowed to adsorb for 15-20 min. Infected cells were 

washed 3X in TN buffer and re-suspended in 100 μL TN buffer. 200 μL of the original O/N cultures were 

then added to the resuspended cells, mixed with 3 mL of top agar, and then poured onto pre-warmed LB + 

Ap plates. The plates were incubated O/N at 30 °C. 

O/N cultures of selected mutants lysogenized with λcI-857 cells as experimental strains, the parent strain 

BW25113 wt [λcI-857] as the positive control, and BW25113 (wt) and ΔompC as the negative controls, 

were grown in LB+ Km and incubated at 30 °C while shaking at 225 RPM. Subcultures (1:100 dilution) 

were then prepared in LB + Km and incubated at 30 °C with shaking at 225 RPM until an A600 of 0.8 was 

reached. Approximately 2 mL of culture was centrifuged at 10K RPM for 10 min, and the cells were 

resuspended in 1 mL of CaCl2. T4rII lysate was then added at an MOI of 3 and allowed to be adsorbed for 

15-20 min. Infected cells were washed 3X in TN buffer and re-suspended in 100 μL TN buffer. Next, 200 

μL of the original overnight cultures were added to the resuspended cells, mixed with 3 mL of top agar, 

and poured onto pre-warmed LB + Km plates. The plates were then incubated overnight at 30 °C.  

 

3.12 Assessing the Effect of Deletion Mutations on Rex Activity 

Following the spot test of T4 and T4rII plating assay, the Rex activity of the deletion mutants was assessed. 

Cultures of Rex− isolated mutants were prepared in 5 mL aliquots at a 1:100 dilution and incubated while 

O/N. Next, 300 μL of culture was added to 3 mL of top agar and poured immediately onto prewarmed LB 

plates, then left on the bench to solidify. Serial dilutions of T4 (wt) and T4rII lysates were prepared in TN 

buffer with concentrations ranging from 10−2 to 10−8 phage/mL to quantify plating efficiency and Rex 

activity. Lysates were added in 10 µL drops onto isolated Rex− mutants overlay plates. Plates were left to 

dry for 30 min, then incubated overnight at 30 °C. The following day, plates were assessed, and plaques 

(when evident) were quantified.  
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3.13 Phage λ (rex+) Lysogenization of E. coli Cells 

Fresh O/N cultures were prepared from a single colony of each strain and mutants in LB at 30 °C. Overlay 

plates were prepared by mixing 300 μL of the cell cultures with 3 mL of top agar and plated on LB plates. 

The plates were allowed to dry and left on a bench for 20 min until the top agar solidified.  Then, 10 μL of 

10−4 fresh λcI-857 and λ wt lysates in TN buffer were spotted onto the experimental plates. Phage spots 

were allowed to dry, and the plates were incubated O/N at 30 °C for λcI857 lysogens and at 42 °C for λ wt 

lysogens. The following day, large turbid plaques were visualized and isolated using sterile toothpicks to 

confirm λ lysogeny by immunity assay.  

For λcI857 lysogens, colonies were grown at 30 °C and then shifted to 42 °C to inactivate the CI repressor, 

allowing any lysogens to undergo phage growth and lyse their resident cells, thereby killing the host. For 

λ wt lysogens, cells that were able to grow at both 30 °C and 42 °C were considered potential lysogens and 

tested to confirm the presence of λ wt lysogens. This was done by stabbing cells in the top agar of a λF7 

overlay plating assay to test for λ immunity, thereby confirming lysogenization.  

3.14 Lambda Immunity Assay 

This assay was performed to confirm the presence of functional λ immunity in candidate lysogens. Lambda 

(wt) lysogens that grew at both temperatures (30 °C and 42 °C) were streaked out to test a single colony 

per lysogen. An O/N culture of heteroimmune lysogen W3899 (λF7) was prepared, and 300 μL of this fresh 

culture was mixed with 10 μL of 10−4  λF7 lysate diluted in TN buffer and added to 3 mL of top agar before 

being poured onto an LB plate. The experimental colonies were stabbed in the overlay top agar using sterile 

toothpicks and incubated O/N at 30 °C. Resistance to lysis indicated immunity to λF7 and confirmed 

successful Lysogenization. 
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3.15 Plasmid Curing  

A single colony of each Rex¯ isolate was streaked on an LB agar plate and incubated overnight at 42 °C. 

Next, a single colony of each treated isolate was picked and streaked out on an LB agar master plate. In 

tandem, cells were streaked out on Ap plates, and all plates were incubated overnight at 30 °C to screen for 

cells that had been cured of the Tn10-rex plasmid. Cultures of the cured isolates that did not grow on Ap 

plates (indicating loss of the rex+ plasmid) were prepared by inoculating a single colony into 5 mL LB broth 

and incubating overnight with aeration at 225 RPM at 30 °C. The next day, the overlay T4rII plaque assay 

was applied to test the cured isolate for loss of the Rex¯ phenotype associated with the Tn10-rex plasmid. 

Additionally, overnight cultures of all cured isolates were extracted and purified using a mini-prep kit 

(Plasmid Mini Kit I, Omega Bio-tek, Norcross, USA) and run on a 0.8% agarose gel to confirm that the 

cells were free of plasmid DNA. 

 

3.16 GFP Tag Plasmid Preparation and Imaging 

To prepare the Rex-GFP constructs, the Rex-GFP or RFP cassettes were inserted into the temperature-

regulated pPL451 plasmid under the control of the cI857 promoter. The fluorescent fusion protein was used 

to measure the quality of fusions, where fluorescence, in conjunction with inhibition of T4rII plating (i.e., 

Rex phenotype), indicates a successful fusion configuration that does not impede Rex protein function. All 

GFP-tagged rexAB combinations were synthesized by polymerase chain reaction (PCR). First, reverse and 

forward primers for each cassette were designed to amplify rex genes rexA, rexB, and rexA-rexB from 

W3110(λ) lysogen, which feature endonuclease target sites for the restriction enzymes EcoRI and SacI, 

compatible with the MCS of the pPL451 vector (Figure 3-3; Table 3-1).  

The pPL451 vector was digested with the same restriction enzymes and prepared for ligation with the rex 

inserts. The GFP sequence was subsequently designed with compatible ends for insertion into the vector's 
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multiple cloning site (MCS). GenScript assembled the fragments into the final rex::gfp constructs (Table 

3-1). 

The rex::gfp plasmids were transformed by BW25113 (wt) cells, following the electroporation 

transformation protocol described previously. The transformation efficiency was calculated at various 

temperatures: 23 °C, 30 °C, 35 °C, and 37 °C using the following equation:     

  Transformant cfu = No. of bacteria colonies x dilution ratio x 
original transformation volume

plated volume
 

 

Relative Transformation Efficiency (TE) =
 Number of colonies on LB + Amp

Numbumbr of colonies on LB only
 x 100% 

 

Each transformation was plated on both a control LB plate and an LB plate supplemented with Amp to 

confirm successful transformation. The grown colonies were compared to the 100% control, which was 

plated on LB for each construct.  

The cells were imaged using fluorescence microscopy with an EVOS FL Auto imager (ThermoFisher 

Scientific, Canada). Cells were treated and then washed with 500 μL of PBS, followed by centrifugation at 

500 × g for 5 min. The supernatant was discarded, and 500 μL of PBS was added to the cells, which were 

then centrifuged again at 500 × g for 5 min. The supernatant was discarded, and the cells were finally 

resuspended in 300 μL of PBS. Fixation of suspended cells was done using 4% paraformaldehyde (PFA) 

in PBS. After the final wash, 5-10 μL of each sample was dropped on a slide and covered with the coverslip. 

After drying, the slide was stored at 4 °C in the dark. Images were captured after adjusting the focus to the 

highest available magnification (60x) to observe cell details. Images were collected of all controls with no 

GFP expression, samples with GFP expression only, and samples with GFP/RFP co-expression.  
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Chapter 4                                                                           

Results 

4.1 Identification of Host Genes Involved in the Rex‾ Phenotype 
To identify host genes in Escherichia coli that could be involved in the exclusionary phenotype, a one-step 

insertional mutagenesis and isolation technique was employed. This approach used a customized 

pRex/pHA2 construct carrying rexA and rexB under the  PR promoter with cI [Ts] regulator, and a mini-

Tn10 transposon for random chromosomal insertion. Integration was achieved by conjugative transfer into 

a ΔclpP::kan background, which facilitated Kanamycin selection; although clpP deletion can elevate RpoS 

levels, previous work indicated no effect on the Rex phenotype. Exconjugants were screened directly on 

plates embedded with T4rII, allowing simultaneous selection of integrants and identification of Rex¯ 

(phenotypically Rex¯ but genotypically rex+) mutants based on their ability to support T4rII growth (Alattas 

MSc. Thesis, 2015)  

4.1.1 Confirmation of Mutants as Phenotypically Rex¯ and Genotypically rex+ 

Strains and plasmids described in this chapter are listed in Table 3-1. E. coli K-12 W3110 was used to 

generate new T4 and T4rII lysates (Chapter 3). E. coli K-12 DH5ɑ was used to host the pRex plasmid. 

Isolates showed Rex activity attenuation of up to 1000-fold compared to the 100% Rex+ control, as 

measured by T4rII plating efficiency (Table 4-1). The noted improvement in T4rII plating indicates 

insertional mutation of a host gene that is either directly or indirectly involved in the Rex phenotype. In all 

cases, abrogated or attenuated Rex activity was not due to a faulty rex cassette, as each isolate was 

subsequently lysogenized by λ (rex+) to deliver an additional copy of the rex genes and then retested for 

Rex activity (Table 4-1). Nearly all the isolates showed similar results in both cases.  
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Table 4-1. Isolated integrant mutants attenuated for Rex activity. 

 

Strain 

Relative EOP of T4rII at 

wild-type level rex+ 

expression1,3 

Relative EOP of T4rII at dual rex+ 

expression2,3 

Controls:   

JW0427-13 1.0 1.0 

JW0427-1(λ)4 <1.0 x 10−7 <1 x 10−7 

Isolates:   

JW-HA 1 2.3 x 10−5 4.0 x 10-6 

JW-HA 2 7.0 x 10−6 5.2 x 10−6 

JW-HA 3 1.5 x 10−5 1.7 x 10−5 

JW-HA 4 1.0 x 10−3 5.0 x 10−4 

JW-HA 5 1.7 x 10−5 5.0 x 10−6 

JW-HA 6 1.4 x 10−4 1.0 x 10−4 

JW-HA 9 5.0 x 10−6 4.0 x 10−6 

JW-HA 11 1.6 x 10−5 1.3 x 10−4 

JW-HA 12 1.3 x 10−5 1.6 x 10−4 

JW-HA 19 2.0 x 10−4 1.5 x 10−4 

JW-HA 20 8.0 x 10−6 6.8 x 10−6 

JW-HA 21 1.6 x 10−5 1.7 x 10−5 

JW-HA 25 1.8 x 10−5 4.0 x 10−6 

 

1 Tn-mediated insertion of the rexA-rexB transposable cassette at relatively random chromosomal sites 

into the chromosome results in insertional mutants genotypically rexA+rexB+ (rex+). 
2 Transponants1 lysogenized with λ. Hosts carry two copies of rexA-rexB, one from the transposon cassette 

and the second from the λ lysogen. 
3 E. coli strain JW0427-1 (ΔclpP::kan) (rex−) was used as a negative control with a relative T4rII EOP of 

1.0. All values are based on the averaged relative EOP from three independent assays. Isolates were 

previously evaluated for Rex activity during my MSc work and verified here. 
4 E. coli strain JW0427-1(λ) (ΔclpP::kan) (rex+) used as positive control with relative T4rII EOP of 1.0. 
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All screened isolates were kanamycin (Km)-resistant (due to the host background), and, as expected, most 

were also tetracycline (Tc)- and ampicillin (Ap)-resistant (due to the construct backbone and transposable 

element) (Figure 4-1). However, a few isolates were (Ap)-sensitive, suggesting loss of the plasmid 

backbone and retention of only the integrated transposon. These (Ap)-sensitive isolates (Table 4-1) are 

particularly interesting because they likely represent true chromosomal insertions without residual plasmid, 

and therefore were prioritized for further analysis, while others were excluded. The presence of pRex was 

confirmed by plasmid extraction and agarose gel electrophoresis from the KmR recipient cells (Figure 4-1). 

This representative gel shows 10 isolates, where one isolate, HA-10, did not appear to carry the plasmid, as 

no band was visible.  

 

 

Figure 4-1. Agarose Gel Electrophoresis of Rex¯ Isolate Plasmids. Lane 1: New England BioLabs 

1 kb DNA ladder, Lanes 2-5, and 7 -11: expected isolated pRex plasmid band (8.2 kb). Lane 6 indicates an 

isolate that does not carry a plasmid, as no band appears. 
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4.1.2 Plasmid Curing and Rex‾ Mutants 

All isolates initially showed an attenuated Rex phenotype, allowing T4rII to form plaques. To confirm that 

this phenotype was due to chromosomal transposon insertions rather than residual plasmid, plasmid DNA 

was extracted from each isolate and transformed into DH5α (λpir), which supports pRex replication. All 

transformants displayed 100% Rex+ activity in plaque assays, confirming that the cI-rexA-rexB cassette on 

pRex was intact and functional. This indicates that the loss of Rex activity in original isolates resulted from 

host gene disruption rather than plasmid mutation. Although pRex should not replicate in the original non-

pir hosts, the presence of ApR colonies suggested that some plasmid integrants persisted, possibly through 

unstable integration events. Therefore, this curing and retransformation step was included to verify plasmid 

integrity and distinguish true chromosomal insertions from plasmid-associated effects. All Tn10-rex 

plasmids from all isolates were extracted, purified, and prepared for assessment of any mutations that 

occurred during the transposition mutagenesis process, following the protocols described in Chapter 3. 

Bacterial cells can be chemically treated with curing agents or physically by growing cells at temperatures 

higher than their optimal growth temperatures to eliminate plasmids from cells, or by nutritional treatments 

or stresses (Trevors 1986; Lauritsen et al., 2017). As all tested cured isolates demonstrated sensitivity to 

both T4 and T4rII plating compared to Rex+ control, this suggests inactivation of the Rex phenotype has 

occurred due to insertional mutagenesis of a Rex-related E. coli host gene. 

4.1.3 Inverse PCR and Identification of Rex‾ Mutant 

To identify the interrupted host genes, a set of primers was designed (Table 3-1) for colony PCR of the 

isolates against the terminal ends of the two IS10 elements, aiming to locate the interrupted gene. 

Additionally, random primers were used under low stringency conditions to amplify regions of the host 

chromosome where the transposon jumped. After several rounds of PCR to amplify the knocked-out gene 

product, the fragments were purified, collected and sequenced. The sequencing results were compared 

against E. coli genes using the Basic Local Alignment Search Tool (BLAST, 
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https://blast.ncbi.nlm.nih.gov/Blast.cgi). BLAST can be used to compare query sequences against database 

sequences to find regions of local similarity. All sequences were determined to be fragments of pRex 

backbone (R6k ori, Tc, mob, etc). Therefore, nested PCR was applied (Ochman et al., 1990) to identify the 

knocked-out genes. The inverse PCR technique was developed to determine the precise position of Tn10 

insertion sites by DNA sequence analysis (Nicholas et al., 1998). Because of the similarity of the two ends 

of Tn10 insertion, the insertional sequences right and left are identical except for six bases. Inverse PCR 

requires four critical primers to run two rounds of PCR. Using Taq DNA polymerase, inverse PCR can be 

performed according to the method described by Ochman et al. (1990) to amplify the Tn10-targeted 

according to the method described by Ochman et al. (1990) to amplify the Tn10-targeted fragment. The 

primers were synthesized and designed from the Tn10 sequence and, in the opposite orientations to those 

generally employed for PCR, they allow the amplification of the upstream and/or downstream regions 

flanking a specified segment of DNA. They also produce hybridization probes for identifying and orienting 

the adjacent or overlapping clones from a DNA library. The primers were complementary to the opposite 

strand and, therefore, were oriented such that DNA extension proceeds outward from the core region. 

Primer #1 was designed specifically from the right-side insertional sequence IS10R of Tn10, allowing it to 

anneal to the transposable element during amplification. Primer #2 was a random primer designed to add 

tail-like sequences to all the amplicons outside the Tn10 fragment, including the knocked-out gene. The 

product of the first-round PCR, using primers #1 and #2, provided a multitude of non-specific products, 

which were then used as templates for the second nested PCR round, using primers #3 and #4. Primers #3 

and #4 ensured that only the amplification fragments with the desired flanking piece of DNA were 

amplified, thereby excluding any unwanted PCR contaminants and limiting non-specific products. The PCR 

reaction setup and primer design for mapping Tn10 insertions in the host chromosome were adapted from 

Dr. J. Peters’ lab at Cornell University, USA (Peters and Craig 2001; Bordi et al., 2008). 
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The PCR reaction was prepared using the designed Tn10 primers (Table 3-1) and run for two rounds before 

the product was collected, purified, and analyzed on an agarose gel electrophoresis with a fragment size of 

approximately 950 bp (Figure 4-2).  

 

Figure 4-2. PCR Amplification of Target DNA Fragments. Lane 1: 2-log DNA ladder, Lane 2: Negative 

control (Taq polymerase control), Lane 3 and 4: Amplified PCR products (~ 950 bp). 

 

 

The amplified DNA fragment in question was successfully sequenced using Primer #3. The resulting 

nucleotide sequence was analyzed using the BLAST (Basic Local Alignment Search Tool) algorithm 

against the E. coli genome. This analysis revealed a 94% sequence identity with the E. coli non-essential 

gene, mglC, that encodes a component of an ATP-binding cassette (ABC) transporter system. MglC 

functions as a permease involved in the transport of methyl-galactoside, a sugar derivative that E. coli can 

utilize as a carbon source under certain environmental conditions (Figure 4-3; Hogg et al., 1991).  
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Figure 4-3. Snapshot of BLAST Results. The BLAST showed a 94% sequence identity with MglC, an 

E. coli membrane-associated protein.  Source: NCBI BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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4.2 Screening for Susceptible Host Proteins Influences Rex/ RII 

Activity 
After identifying the mglC galactose transporter as one of the genes capable of attenuating Rex activity, 

along with previously identified Omps (Alattas et al., 2020), additional membrane proteins, sigma factors, 

stress response genes, and their regulators were assessed for their influence on Rex activity. To confirm the 

role of each candidate gene and rule out polar effects within operons, a genetic complementation assay was 

performed. For this, the wild-type allele of each disrupted gene was cloned into a pBR322-based medium-

copy plasmid under its native promoter and introduced into the corresponding Keio mutant. 

Complementation was assessed by restoration of the Rex+ phenotype in T4rII plating assays. This approach 

also served to verify the accuracy of the Keio mutants, as some have been reported to contain secondary 

mutations. In future work, additional controls could be included to confirm the specificity of 

complementarity.  

E. coli K-12 W3110 was used to generate new T4 and T4rII lysates. E. coli single knockout mutants and 

their parent strain BW25113 (wt), which was also used as a positive control of the Rex phenotype, were 

obtained from the Keio Collection of single-gene knockouts (Coli Genetic Stock Center, USA; Baba et al., 

2006). Each single knockout strain was transformed by the high-copy pHA1 (pUC19- cI-rexA-rexB) 

plasmid. E. coli BW25113 (wt) harbouring the pHA1 rex+ plasmid was used as a positive control, and an 

empty plasmid as a negative control. Some examined mutants were lysogenized with phage λcI-857 and 

further tested for Rex activity (Table 4-2). Bacterial strains and phages used in this assay are listed in Table 

3-1. 
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4.2.1 Assessing the effect of glucose transporter membrane proteins on Rex 

activity 

Upon identifying mglC galactose transporter (bolded in Table 4-2) as a gene influencing Rex activity, other 

mgl regulatory genes were tested to see whether they would similarly influence T4rII exclusion. Mutants 

of mgl and related genes from the Keio collection were transformed by the high-copy pHA1 rex+ plasmid 

and were assayed for Rex activity, as shown in Table 4-2 and Figure 4-4. 

 

Table 4-2. The effect of the membrane galactose transporter on Rex Activity. 

 
Strain1 Mutation Rex 

Plasmid2 

Relative Efficiency of Plating 3 

 

 

    T4(wt)                 T4rII               Rex activity 

Wild type  + 0.2 ˂ 3.0 x 10−7 1.0 
  -- 1.0 1.0 --4 

JW2136-1  ΔmglA  + 7.0 x 10−2 ˂ 3.0 x 10−7 1.0 

  -- 0.7 0.7 -- 

JW2137-1 ΔmglB + 0.7 ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

JW2135-1  ΔmglC  + 0.1 2.0 x10−5 1.5 x10−2 

  -- 0.7 1.0 -- 

JW0739-1  ΔgalM + 1.0 ˂ 3.0 x 10−7 1.0 

  -- 0.6 1.0 -- 

JW0740-3  ΔgalK  + 7.0 x 10−2 ˂ 3.0 x 10−7 1.0 

  -- 0.6 1.0 -- 

JW0741-1  ΔgalT  + 8.0 x 10−2 ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

JW0742-1  ΔgalE  + 1.0 x 10−2 ˂ 3.0 x 10−7 1.0 
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  -- 1.0 1.2 -- 

JW1224-1  ΔgalU + ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 1.0 

  -- ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 -- 

JW2027-2  ΔgalF + 1.0 ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

JW2910-2 ΔgalP + 1.0 ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

JW2138-1  ΔgalS + 0.3    ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

JW2805-1  ΔgalR + 1.0    ˂ 3.0 x 10−7 1.0 

  -- 0.7 1.0 -- 

 
1 All assayed strains are isogenic derivatives of the Keio collection wild type BW25113.  

2 The Rex+ plasmid is a pHA1 plasmid, a pUC-derived high-copy y plasmid carrying the PM-cI-rexA-rexB-

timm cassette. 
3 relative EOPs of T4/T4rII were determined using BW25113 as the 100% control for T4rII plating and 

BW25113[pHA1] as the 100% control for Rex activity. Relative EOPs are determined by dividing the 

number of plaques for the sample by the number of plaques on the 100% control. All results represent the 

average from three independent plating assays. Strains (rex+) attenuated for Rex activity showed pinpoint 

plaques compared to rex¯ counterparts. Bolded results are the most relevant to Rex. 
4 (--) Rex activity not measured; Rex+ plasmid or rexA-rexB cassette not present. 
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Figure 4-4. Influence of mgl and gal gene Deletions on Rex Activity. Several key membrane/cytoplasm 

proteins may play a role in Rex, as their deletions impact Rex activity. Deletion of mglC results in a 100-

fold increase in T4rII plating, indicating a moderate reduction in Rex activity. A. Rex activity was assessed 

as the ability of pHA1-delivered rex genes to inhibit T4rII phage plating in the presence or absence of RII. 

Activity is calculated as the inverse of the relative EOP of the sample in rex+ conditions (plasmid present) 

versus rex¯ (empty plasmid) conditions. Maximal Rex activity corresponds to complete inhibition of T4rII 

(rII¯) plating in E. coli BW25113 (wt) carrying the rex+ pHA1. Absence of Rex activity is defined by full 

T4 (rII+) plating in E. coli BW25113 (wt) in the presence of the rex+ pHA1. B. While MglABC is not 

proven to be directly regulated by rpoE or rpoS, it is negatively regulated by galS and galR. 

 

 
The wild-type parent strain carrying the rex+ plasmid was used as a positive control for Rex and proved to 

be completely resistant to T4rII plating but exhibited near-complete sensitivity to the RII+ phenotype of T4, 

which inhibits Rex activity. T4rII plating on all β-Methyl-galactoside genes deletion (Δmgl) and galactose 

genes deletion (Δgal) mutants carrying the rex+ plasmids was similarly excluded, except for ΔmglC, where 

its mutation increased T4rII+ plating by more than 102-fold in the presence of rex genes. Interestingly, T4 

plating was affected compared to the wild type. The deletion of each of ΔgalK, T, and E decreased T4 

plating efficiency by as much as two orders of magnitude. Deletion of galU precluded plating of T4 and 

T4rII alike in a Rex-independent manner. 
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4.2.2 Assessing the effect of Sigma factors and other membrane proteins on 

Rex activity 

Given the strong influence of outer membrane proteins on the Rex phenotype (Alattas et al., 2020), other 

essential membrane proteins as well as the sigma factors that govern the expression of E. coli membrane 

genes under various conditions, were examined (Table 4-3). The high-copy pHA1 rex+ plasmid was used 

to transform all single-gene deletion mutants of interest, and the cultures were assayed for Rex activity 

(Figure 4-4).  

 

Table 4-3. The impact of the membrane protein deletions on Rex activity. 

 
Strain 1 Mutation Rex 

Plasmid2 

Relative Efficiency of Plating 3 

 

     T4(wt)                T4rII          Rex Activity 

Wild type  + 0.2 ˂ 3.0 x 10−7 1.0 

  -- 1.0 1.0 --4 

JW0729-3 ΔtolA + 0.3 0.8 2.7 x10−7 

  -- 1.0  0.6 -- 

JW5100-1 ΔtolB + 0.14 ˂ 3.0 x 10−7 1.0 

  -- 1.0 1.0 -- 

JW5503-1 ΔtolC  + 1.0x 10−2 ˂ 3.0 x 10−7 1.0 

  -- 1.0  1.0 -- 

JW0727-1 ΔtolQ  + 8.0x 10−2 ˂ 4.0 x 10−7 1.0 

  -- 1.0 1.0 -- 

JW0728-1 ΔtolR  + 6.0 x 10−2    ˂ 3.0 x 10−7 1.0 

  -- 0.7 0.7 -- 

JW0731-1 Δpal + 0.7 ˂ 3.0 x 10−7 1.0 

  -- 0.8 1.0 -- 

JW5437-1 ΔrpoS  + ˂ 3.0 x 10−7 ˂ 3.0 x 10−7              1.0 
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  -- 0.7 0.7 -- 

UQ285 rpoD[ts] + 0.3 1.0 x 10−6 0.9 

  -- 0.7 0.6 -- 

JW3996-1 ΔlamB + 1.0 x 10−6    ˂ 3.0 x 10−7 1.0 

  -- 0.7 0.8 -- 

JW1667-5 Δlpp + 4.0 x10−4 3.0 x 10−3 1.0 x 10−4 

  -- 0.8 1.0 -- 

JW2974-1 ΔexbB + 0.7    ˂ 3.0 x 10−7 1.0 

  -- 0.8 0.8 -- 

JW2973-1 ΔexbD + 5.0 x 10−4    ˂ 3.0 x 10−7 1.0 

  -- 0.8 0.8 -- 

JW5195-1 ΔtonB + 0.8    ˂ 3.0 x 10−7 1.0 

  -- 0.8 0.7 -- 

JW0146-2 ΔfhuA + 2.0 x 10−2    ˂ 3.0 x 10−7 1.0 

  -- 0.7 0.8 -- 

JW5086-3 ΔfepA + 1.0 x 10−6    ˂ 3.0 x 10−7 1.0 

  -- 0.8 0.8 -- 

 

1 All assayed strains are isogenic derivatives of the Keio collection wild type BW25113. 

2 The Rex+ plasmid is pHA1 plasmid - a pUC-derived high copy plasmid carrying the PM-cI-rexA-rexB-timm 

cassette. 
3 Relative EOPs of T4/T4rII were determined using BW25113 as the 100% control for T4rII plating and 

BW25113[pHA1] as the 100% control for Rex activity. The relative EOPs are determined by dividing the 

number of plaques for the sample by the number of plaques on the 100% control. All results represent the 

average from three independent plating assays. Strains (rex+) attenuated for Rex activity showed pinpoint 

plaques compared to rex- counterparts. Bolded results are the most relevant to Rex. 
4 (--) Rex activity not measured; Rex+ plasmid or rexA-rexB cassette not present. 
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Figure 4-5. Deletions of tolA and Other Membrane Proteins Influence Rex Activity. Several other key 

membrane proteins may play a role in Rex, as their deletions impact Rex activity. In particular, ΔtolA 

completely restores T4rII plating, effectively abolishing Rex activity. A. Rex activity is defined as the 

ability of rex genes, delivered via the pHA1 plasmid, to inhibit T4rII plating in the presence or absence of 

RII. Activity is quantified as the inverse of the relative EOP of the sample in rex+ conditions (plasmid 

present) versus rex¯ (empty plasmid) conditions. Maximal Rex activity corresponds to complete attenuation 

of T4rII (rII¯ ) plating in E. coli BW25113 (wt) in the presence of the rex+ pHA1. Absence of Rex activity 

is indicated by full plating of T4 (rII+) in E. coli BW25113 (wt) in the presence of the rex+ pHA1. B. TolA 

is positively regulated by rpoE but negatively regulated by rpoS. Additional membrane proteins, such as 

Lpp and LamB are also regulated through the rpoE pathway. 
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Interestingly, full plating efficiency of T4rII on the ΔtolA (pHAp1- high copy rex expression) mutant 

transformant was observed. An indication of a complete abrogation of Rex activity. This result was 

confirmed upon lysogenization of the ΔtolA mutant by λrex+ (wild-type rex+ expression level), where 

pinpoint T4rII plaques were observed compared to wild-type T4 plaques. This is counterintuitive because 

higher Rex expression (from pHA1) would normally be expected to enhance exclusion, not reduce it. One 

possible explanation is that overexpression of Rex from a multicopy plasmid in a ΔtolA background disrupts 

explicitly the balance of membrane-associated processes required for Rex function, whereas single-copy 

expression maintains sufficient activity to restrict T4rII. Additionally, this indicates the strong influence of 

TolA on Rex activity, which helps exclude T4rII; without TolA, the stoichiometry of RexA to RexB might 

not be maintained. Mutations in tolQ, R, or C did not significantly affect T4rII plating and allowed nearly 

complete Rex activity in a rex+ context.  

As well, the Δpal mutant did not show any effect on Rex, whereas the Δlpp mutant enhanced T4rII plating 

by 104-fold compared to the control in a rex+ context. This may suggest some role for Lpp, but perhaps not 

Pal, in Rex. Additionally, the deletion of either tonB or exbB had no influence on T4 or T4rII plating. 

Another notable mutant was ΔrpoS. The rpoS mutant entirely abrogated T4 and T4rII plating alike, but 

only in a Rex-dependent context.  No change of T4 and T4rII plating was observed in the absence of rex.  
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4.2.3 Assessing the Effect of Stationary Phase Regulators on Rex Activity 

After the strong influence of rpoS in triggering Rex was confirmed, the involvement of proteins regulating 

sigma factor expression during E. coli’s growth and stationary phases were assessed. All single-gene 

deletion mutants were transformed by the high-copy pHA1 rex+ plasmid, and cultures were assayed for Rex 

activity, as shown in Table 4-4 and Figure 4-6. After assessing the Rex activity of these mutants using the 

high-copy Rex+ plasmid, pHA1, these results were confirmed by comparing them with wild-type rex+ 

(lysogeny) expression levels. Each stationary phase regulatory mutant was lysogenized by λcI857 (rex+) 

phage and assayed for Rex activity (Table 4-4). 
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Table 4-4. The stationary phase sRNAs and regulators are required for Rex activity and 

superinfection exclusion. 

 
Strain 1 Mutation rex+ 

Source2 

Relative Efficiency of Plating 3 

     

T4(wt)              T4rII             Rex Activity 

Wild type  pHA1 0.5 ˂ 3.0 x 10−7 1.0 

  λcI857 1.0 ˂ 3.0 x 10−7 1.0 

  -- 1.0 1.0 --4 

JW1223-1 ΔrssB pHA1 0.5 3.0 x 10−3 ˂ 1.0 x 10−4 

  λcI857 1.0 1.0 ˂ 3.0 x 10−7 

  -- 1.0 1.0 -- 

JW1222-2 ΔrssA pHA1 3.0 x 10−3 0.2    ˂ 6.0 x 10−5 

  λcI857 1.0 0.9 ˂ 3.0 x 10−7 

  -- 1.0 1.0 -- 

JW0373-4 ΔiraP pHA1 3.0 x 10−2 ˂ 3.0 x 10−7 1.0 

  λcI857 1.0 0.1    ˂ 3.0 x 10−5 

  -- 1.0  1.0 -- 

JW1147-5 ΔiraM pHA1 0.5 ˂ 3.0 x 10−7 1.0 

  λcI857 1.0 0.1    ˂ 3.0 x 10−5 

  -- 1.0 1.0 -- 

JW5782-2 ΔiraD pHA1 0.5 3.0 x 10−3 ˂ 1.0 x 10−4 

 
 λcI857 1.0   1.0    ˂ 3.0 x 10−7 

  -- 1.0 1.0 -- 
 

1 All assayed strains are isogenic derivatives of the Keio collection wild type BW25113. 
2 The rex+ genotype is either from pHA1 plasmid, a pUC-derived high copy plasmid carrying the PM-cI-

rexA-rexB-timm cassette, or λcI857 (rex+) lysogen. 
3 Relative EOPs of T4/T4rII were determined using BW25113 as the 100% control for T4rII plating and 

BW25113[pHA1] as the 100% control for Rex activity. Relative EOPs are determined by dividing the 

number of plaques for the sample by the number of plaques on the 100% control. All results represent the 

average from three independent plating assays. Strains (rex+) attenuated for Rex activity showed pinpoint 

plaques compared to rex¯ counterparts. Bolded results are the most relevant to Rex. 
4 (--) Rex activity not measured; Rex+ plasmid or rexA-rexB cassette not present. 
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Figure 4-6. Interaction of Regulatory sRNAs and Sigma Factors with Rex Activity. The rex genes can 

inhibit T4 (rII+) plating if rpoS is deleted. A. Rex activity is defined as the ability of rex genes, delivered 

via pHA1 plasmid, to inhibit T4rII plating in the presence or absence of RII. Activity is calculated as the 

inverse of the relative EOP under rex+ (plasmid present) versus rex¯ (empty plasmid) conditions. Maximal 

Rex activity corresponds to complete attenuation of T4rII (rII¯) plating in E. coli BW25113 (wt) in the 

presence of the rex+ pHA1. Absence of Rex activity is indicated by full plating of T4 (rII+) in the presence 

of the rex+ pHA1 in E. coli BW25113 (wt). B. The expression of rpoS is regulated by the anti-adaptor 

proteins IraM, IraP, and IraD, while the ClpXP protease complex modulates both rpoE and rpoS levels. 

Additionally, several small RNAs (sRNAs), including MicL, MicA, RybB, RcsB, and RcsC, are regulated 

through the rpoE pathway.  
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Transformants with ΔrssA, ΔrssB, or ΔiraD showed a notable reduction of Rex activity that ranged from 

103 for ΔrssA to >104 for both ΔrssB and ΔiraD, despite high rex+ expression from pHA1. Nonetheless, the 

ΔiraM and ΔiraP mutants showed minimal to no effect on Rex activity despite high rex+ expression. 

Notably, nearly complete attenuation was seen in λcI857 lysogens of ΔrssA, ΔrssB, and ΔiraD lysogens, 

compared to the parent strain BW25113(λ) rex+ control. Almost total removal of Rex activity occurred 

when the ΔtolA mutant was lysogenized by λ, allowing for the reappearance of pinpoint plaques of T4rII. 

This phenomenon was also evident in the ΔrpoS(λ) mutant. This pattern suggests that Rex activity is more 

sensitive to the host background when expressed from a single-copy prophage than from a multicopy 

plasmid, possibly due to differences in plasmid maintenance or expression levels. The results for ΔrssB 

(expected to increase RpoS) and ΔrpoS (expected to decrease RpoS) are consistent with RpoS involvement 

in Rex regulation. In contrast, the strong effect of ΔrssA, as previously not linked to Rex, is unexpected and 

intriguing. The modest or absent effect of iraP, iraM, and iraD deletions under plasmid conditions, but 

strong effects in lysogens, may reflect differences in stress signaling or strain background. All mutants were 

confirmed by complementation, ruling out polar effects and supporting their direct involvement. 

  

 

4.2.4 T4rII Infective Center Assay for Host Genes Activity with Natural rex 

Gene Dosage  

To improve plaque quantification and assess morphology, T4rII-infected centers from the most promising 

deletion mutants were examined for plating efficiency (Table 4-5). This center-of-infection assay involves 

spotting infected cells onto a lawn of non-lysogenic E. coli, allowing released phage to form plaques. This 

process helps small plaques expand for easier observation and counting.  

 

 



 

  

 

105  

Table 4-5. Influence of Stress-response regulators on Rex-mediated T4rII exclusion 

 
Mutation Relative EOP of T4rII-infected centres1 

– 1.0 

– (λ) <3.0 x 10−7 

ΔompC 2 <3.0 x 10−7 

ΔrpoS 0.7 

ΔtolA 1.0 

ΔrssA 0.9 

ΔrssB 1.0 

ΔiraM 0.1 

ΔiraP 0.1 

ΔiraD 1.0 

 

1All assayed strains are rex+ isogenic derivatives of the Keio collection wild-type BW25113, lysogenized 

with λ. Relative EOPs for T4/T4rII were determined using BW25113 as the 100% reference control for 

T4rII plating. For each assay, mutant-infected center cells were allowed to adsorb T4rII for 15 minutes, 

followed by three washes, dilution, and plating on the corresponding test strain. Data represent the average 

of three independent plating experiments. 

2 The ΔompC mutant is a host range mutant that prevents T4 adsorption; as a result, neither phage can infect 

this strain. 

 

The infective center assay proved to be a more effective method for visualizing and quantifying phage 

plaques, as it consistently produced larger and more countable plaques on the assay plates. This 

improvement in plaque clarity and resolution facilitated more accurate measurements of phage infectivity 

and Rex activity. Notably, the results obtained from this assay were consistent with those observed 

following lysogenization by λcI857(rex+), as shown in Table 4-5. This concordance reinforces our 

hypothesis that Rex activity is influenced by gene dosage, particularly in the context of rex gene expression 

from the prophage.  
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4.2.5 Complementation of Identified Host Genes Influencing the Rex 

Phenotype   

To restore the function of each gene in the mutants that showed some or complete attenuation of Rex 

activity, a complementation assay was applied (Table 3-1). Restoring the normal Rex phenotype upon 

infection by T4rII would further support the involvement of these genes in the Rex phenotype.  

Mutants were selected based on their most significant influence on either Rex activity or RII plating. All 

single-gene deletion mutants were lysogenized with λcI857 (rex+), and then cultures were assayed for Rex 

activity, as shown in Table 4-6. 

Using the designed Forward and Reverse primers, amplification of all tested genes was obtained and 

successfully confirmed by agarose gel electrophoresis. The complementary plasmids were constructed as 

described in Figures 3-7 and 3-8. Briefly, the PCR product of each amplified gene was first inserted into 

the MCS of XbaI-linearized pUC19. The cassette of interest was then extracted from pUC19 through 

digestion with BamHI and SalI and inserted into pBR322 at the same restriction sites to obtain the final 

complementary constructs (Figure 4-7). Each complementary construct was then transformed into the 

respective mutant for complementation.  
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Figure 4-7. Agarose Gel Electrophoresis of the ompF Fragment Digested with Restriction Enzymes. 

Lane 1: 1 kb DNA ladder; Lane 2: ompF fragment digested with SalI, yielding a single band of 

approximately 3.7 kb; Lane 3: ompF fragment digested with SalI and BamHI, producing two bands of 

approximately 2.4 kb and 1.3 kb, consistent with expected fragment sizes based on restriction site positions. 

 

All mutants were first lysogenized by λcI857 and then tested against T4 and T4rII plating. All mutants 

(λcI857) were transformed by the designated vectors and confirmed to be Tc-sensitive and Amp-resistant, 

indicating successful insertion of the cassette interrupting the Tc marker in pBR322. T4 (wt) and T4rII were 

then plated on the lysogenized mutants carrying their designated vectors. Rex activity was assessed against 

the wild-type BW25113 both with and without pBR322 as a negative control, and with λcI857 lysogen as a 

positive control for Rex activity (Table 4-6). Complete Rex activity was restored in all mutants carrying 

the designated plasmids, indicating each complementing gene does indeed contribute to the Rex phenotype. 
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Table 4-6. Rex activity after plasmid complementation of host mutations. 

 
Strain Trans Complementation✲ Relative EOP of T4rII✲✲ 

 wild type BW25113  pBR322 1.0 

 -- 1.0 

wild type BW25113 (λ) pBR322 <3.0 x 10
−7

 

 -- <3.0 x 10
−7

 

 tolA (λ) (tolA) <3.0 x 10
−7

 

 -- 1.0 

ompX (λ) (ompX) <3.0 x 10
−7

 

 -- 4.5 x 10
−4

 

ompF (λ) (ompF) <3.0 x 10
−7

 

 -- 3.3 x 10
−5

 

ompA (λ) (ompA) <3.0 x 10
−7

 

 -- 5.0 x 10
−4

 

ompW (λ) (ompW) <3.0 x 10
−7

 

 -- 1.0 x 10
−3

 

ompR (λ) (ompR) <3.0 x 10
−7

 

 -- <3.0 x 10
−7

 

rpoS (λ) (rpoS) <3.0 x 10
−7

 

 -- 0.7 

iraD (λ) (iraD) <3.0 x 10
−7

 

 -- 1.0 

rssA (λ) (rssA) <3.0 x 10
−7

 

 -- 0.9 

rssB (λ) (rssB) <3.0 x 10
−7

 

 -- 1.0 

mglC (λ) (mglC) <3.0 x 10
−7

 

 -- <3.0 x 10
−6

 

mglA (λ) (mglA) <3.0 x 10
−7

 

 -- 1.0 

*Plasmid pBR322 was used to deliver the gene of interest into each mutant; (--) was the control, pBR322 

empty plasmid. 

** Relative EOPs of T4/T4rII were determined using BW25113 as the 100% control for T4rII plating and 

BW25113[rex+ λ] as the 100% control for Rex activity. Relative EOPs are determined by dividing the 

number of plaques for the sample by the number of plaques on the 100% control. All results represent the 

average from three independent plating assays. Strains (rex+) attenuated for Rex activity showed pinpoint 

plaques compared to rex¯ counterparts. 
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Some host mutations could restore T4rII infectivity even in the presence of rex+ genes in the cell, as seen 

in previous experiments. In this assay, a complementation of a mutation by a functional allele of a gene in 

trans is utilized to restore the Rex phenotype. The wild-type BW25113 without plasmid or with pBR322 

showed complete T4rII infectivity and no Rex activity as a result of the lack of rex+ genes in the cell. In 

contrast, the positive control BW25113 (λ) without plasmid or with pBR322 showed full Rex activity (< 

3.0 x 10
−7

) and no T4rII plating.  

In almost all cases of mutants lysogen without the complementation plasmids, a significant to complete 

T4rII plating efficiency was observed, similar to that of the negative controls. As the complementation 

restores the Rex phenotype, this strongly suggests these mutations have a significant impact on Rex activity. 

The complete removal of Rex activity was observed when the ΔtolA mutants were lysogenized by λ without 

complementation plasmids, allowing for the reappearance of pinpoint plaques of T4rII. Notably, all mutant 

lysogens were able to restore the wild-type BW25113 (λ) phenotype and demonstrated complete T4rII 

exclusion by transforming them with the designated complementation plasmids, thus restoring the function 

of each deleted gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

110  

4.3 Developing a Rex Protein Visualization System Using GFP 

Fusions 
A system was designed to facilitate the determination of the intracellular localization of Rex proteins 

through fusion with green fluorescent protein (GFP) and/or red fluorescent protein (RFP). Expression of 

Rex under the control of the temperature-sensitive cI857 was evaluated prior to and following induction by 

temperature shift, as well as before and after infection with bacteriophage T4 and T4rII. 

Each of the two rex genes was fused to GFP using the following configurations: 1) at either the C- or N-

terminal of rex gene, 2) with or without the presence of the other rex gene, and 3) with or without a linker 

between the fused gene and the fluorescent protein, resulting in 22 constructs (Table 3-1; Appendix C Figures C1-

11). The linker used in this project is optimized for E. coli, p(TSGSGSGSGSGT), and the corresponding 

nucleotide sequence is 3‘accagcggtagcggcagcggtagcggcagcggcacc’5. To note, comparative analysis 

revealed no significant difference in fluorescence expression, T4rII plating or colony morphology between 

constructs with and without a linker. Given the consistency of results and lack of observable impact from 

the linker, constructs containing the linker were excluded from further replication. Subsequent analyses 

were focused exclusively on the non-linker variants. 

 

T4rII plating efficiency and Rex activity: the initial plan was to utilize the wild-type strain; however, 

T4rII plating assays revealed a Rex¯ phenotype, suggesting loss of Rex activity. To address this, functional 

copies of rex genes were introduced from λ lysogens to determine whether their presence could restore Rex 

activity and influence transformation efficiency or the functionality of fusion proteins. Assessment began 

with T4 and T4rII plating efficiency assays at different temperatures: 25 °C, 35 °C, and 37 °C, to evaluate 

plaque morphology and plating efficiency under various thermal conditions (Table 4-7). Complete Rex-

mediated exclusion was not observed in any construct; however, several strains exhibited partial attenuation 

of T4rII growth, suggesting residual or altered Rex activity. These findings suggest that Rex function was 
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not entirely abolished but may have been compromised, potentially due to altered stoichiometry or impaired 

functionality of RexA or RexB caused by GFP/RFP fusions. Based on these observations, constructs were 

subsequently analyzed in a rex+ context by introducing them into λ lysogens. This approach aimed to 

determine whether the presence of an additional functional copy of rex genes could compensate for any 

loss of activity in the fusion constructs and restore Rex-mediated exclusion. The analysis also sought to 

clarify whether Rex functionality depends on the relative abundance of RexA and RexB or is significantly 

disrupted by the fusion design, which can be assessed by evaluating the transformation efficiency of all 

constructs. 

For the T4rII plating efficiency assay, E. coli BW25113 [pPL451] was used as the negative control, while 

BW25113 transformed by pPL451 encoding wild-type rexA-rexB was used as the 100% rex+ control. 

BW25113 transformed by pPL451 carrying GFP was used as the 100% fluorescent activity control (Table 

4-7). All were then tested for Rex activity through T4/T4rII plating. Later, all were lysogenized by λcI857 and 

retested for their Rex activity using the T4/T4rII plating assay (Table 4-7). 
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Table 4-7. The fusion site of GFP significantly affects the activity of RexA and RexB across various incubation temperatures. 
construct* E. 

coli cell

s state** 

Relative efficiency of 

plating*** for T4(wt)   

 

Relative efficiency of plating *** for 

T4rII  

 

Rex Activity  

         25 °C      35 °C      37 °C          25 °C              35 °C             37 °C    25 °C         35 °C           37 °C 

_ wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 λcI857 1.0 1.0 1.0 ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 ˂ 3.0 x 

10−7 

1.0 1.0 1.0 

pPL451 wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 λcI857 1.0 1.0 1.0 ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 ˂ 3.0 x 

10−7 

1.0 1.0 1.0 

rexA-rexB wt 1.0 1.0 1.0 ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 ˂ 3.0 x 

10−7 

1.0 1.0 1.0 

 λcI857 1.0 1.0 1.0 ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 ˂ 3.0 x 

10−7 

1.0 1.0 1.0 

egfp wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 λcI857 1.0 1.0 1.0 ˂ 3.0 x 10−7 ˂ 3.0 x 10−7 ˂ 3.0 x 

10−7 

1.0 1.0 1.0 

rexA::egfp wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 λcI857 1.0 1.0 1.0 2.0 x 10−6 6.0 x 10−6 5.0 x 10−6 0.6 0.2 0.16 



 

  

 

113  

egfp::rexA wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 λcI857 1.0 1.0 1.0 0.2 0.4 0.6 6.0 x 10−5 1.3 x 10−6 2.0 x 10−6 

rexB::egfp  

 

wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 
λcI857 1.0 1.0 1.0 6.0 x 10−5 6.0 x 10−4 1.0 x 10−5 2.0 x 10−2 2.0 x 10−3 3.0 x 10−2 

egfp::rexB 

 

wt 1.0 1.0 1.0 1.0 1.0 1.0 -- -- -- 

 
λcI857 1.0 1.0 1.0 0.4 0.2 0.2 1.2 x 10−6 6.0 x 10−5 6.0 x 10−5 

rexA::egfp-rexB  wt 1.0 1.0 0.9 1.0 1.0 1.0 -- -- -- 

 
λcI857 1.0 1.0 1.0 ˂ 5.0 x 10−6 3.0 x 10−6 3.0 x 10−6 0.16  0.1 0.1 

egfp::rexA-rexB  wt 0.9 1.0 1.0 0.9 0.9 1.0 -- -- -- 

 
λcI857 0.8 0.9 0.8 0.8 0.5 0.8 ˂ 3.0 x 

10−7 

1.6 x 10−5 ˂ 3.0 x 

10−7 

rexA-rexB::egfp  wt 1.0 1.0 0.9 0.9 0.9 0.9 -- -- -- 

 
λcI857 0.9 1.0 1.0  3.0 x 10−5 1.0 x 10−7 1.0 x 10−7  1.0 x 

10−2 

0.3 0.3 

rexA-egfp::rexB  wt 1.0 1.0 0.9 0.9 0.9 0.9 -- -- -- 

 
λcI857 1.0 1.0 1.0  3.0 x 10−5  6.0 x 10−5  3.0 x 

10−5 

 1.0 x 

10−2 

2.0 x 10−2  1.0 x 10−2 

rexA::egfp-

rexB::rfp 

wt 0.8 0.9 1.0 0.8 0.8 0.9 -- -- -- 
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λcI857 0.8 0.9 0.8 3.0 x 10−6 8.0 x 10−6 8.0 x 10−6 0.1 0.26 0.26 

egfp::rexA-

rfp::rexB  

wt 0.8 1.0 0.8 1.0 1.0 1.0 -- -- -- 

 
λcI857 1.0 1.0 1.0 0.8 0.6 0.6 ˂ 3.0 x 

10−7 

2.0 x 10−6 2.0 x 10−6 

egfp::rexA-

rexB::rfp  

wt 1.0 1.0 0.8 1.0 1.0 0.8 -- -- -- 

 
λcI857 1.0 0.9 1.0 0.8 0.4 6.0 x 10−4 ˂ 3.0 x 

10−7 

1.3 x 10−5 2.0 x 10−3 

 

 

* All assayed strains are isogenic derivatives of E. coli BW25113 from the Keio collection. All constructs were built using the pPL451 plasmid, 

with cassettes cloned into the MCS under the control of the CI (TS) repressor.  E. coli BW25113 served as the host strain for all constructs.  

** Host strains included either wild-type (WT) E. coli BW25113 or its λcI857 lysogenized variant. E. coli BW25113 (wt), with or without pPL451 

plasmid, was used as the Rex- control and as the 100% reference for T4 and T4rII plating efficiency. The BW25113 λcI857 (rex+) lysogen served 

as a positive control for Rex activity, providing an additional chromosomal copy of the rex genes to confer the Rex phenotype. The [pPL451 rexA-

rexB] construct served as the 100% rex+ control for Rex activity, while pPL451-eGFP was used as the 100% control for fluorescent protein 

expression. 

*** The relative EOPs for T4/T4rII phages were determined using BW25113 as the 100% reference control for T4rII plating and BW25113[pPL451-

rexAB] as the 100% reference control for Rex activity.  Relative EOPs are calculated by dividing plaque-forming units (PFUs) on each test strain by 

PFUs on the corresponding 100% control. All relative EOP values represent the average of three independent plating assays. Rex+ strains displayed 

markedly reduced T4rII EOPs, typically forming pinpoint plaques indicative of abortive infection, in contrast to the larger plaques observed on Rex– 

strains. At 25 °C, incubation was extended to 24–36 hours due to the slower growth of the bacteria. At 35 °C and 37 °C, plaques were counted within 

16–24 hours. All reported results are the mean of three independent assays. 
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The E. coli BW25113 strains expressing different rex::egfp constructs were evaluated to investigate 

the impact of fluorescent protein fusion on Rex activity and T4rII plating. The negative controls (no 

plasmid, pPL451, and egfp alone in wt cells) consistently demonstrated 100% plating efficiency for T4 

and T4rII. Consequently, there was no Rex activity across all tested temperatures, as expected. In 

λcI857 lysogenic cells, the presence of rex genes means that rexA-rexB, pPL451, and egfp constructs 

exhibited 100% positive Rex function only when both rexA and rexB genes were present. The complete 

Rex phenotype displays 100% Rex activity when the efficiency of plating of T4rII is approximately 

3.0×10⁻⁷, at which point no plaques can be observed. As expected, pPL451 and pPL451-egfp each 

showed no Rex activity.   

At 25 °C (repressed state, no expression of Rex proteins), in both E. coli lysogen and non-lysogen, the 

GFP fusion at the N-terminus of RexA protein, whether alone or in the presence of the other rex gene, 

results in a significant reduction of Rex activity, and almost complete loss of Rex phenotype. This may 

be due to a lack of Rex activity in a repressed state, with only activity observed stemming from a leaky 

expression of Rex. Whereas the N-terminally-fused RexB protein, whether alone or in the presence of 

the other rex gene, results in a noticeable reduction of Rex activity, ranging from 100-fold to complete 

loss of Rex activity. The GFP fusion at the C-terminus of either Rex protein (rexA::egfp or rexB::egfp), 

whether alone or in the presence of the other rex gene, and only in E. coli lysogen, maintains modest 

Rex activity across constructs, showing about a 10- to 100-fold reduction in Rex activity in every 

instance. In wild-type strains harbouring both rex genes, fused either at the C- or N-terminus, T4 and 

T4rII were both able to completely abrogate Rex. Noteworthy results emerged from the double fusions 

of GFP and RFP at the C-terminus of both rexA and rexB, specifically the rexA::egfp-rexB::rfp 

construct, which produced the strongest Rex activity with minimal T4rII plating across E. coli lysogens. 

The N-terminal fusion of both Rex proteins, on the other hand, showed a complete loss of Rex activity 

across E. coli lysogen and non-lysogen cells. 
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At 35 °C (partial repressed state, partial expression of Rex proteins), in both E. coli lysogen and non-

lysogen, the GFP fusion at the N-terminus of RexA protein, whether alone or in the presence of the 

other rex gene, results in a significant reduction of Rex activity, and almost complete loss of Rex 

phenotype. GFP fusion at the N-terminus of the RexB protein, whether alone or in the presence of the 

other rex gene, also results in a significant reduction of Rex activity. Interestingly, in the case of the 

rexA-egfp::rexB construct in lysogenized cells, only a modest 100-fold reduction was observed. The 

GFP fusion at the C-terminus of either Rex protein (rexA::egfp or rexB::egfp), whether in the presence 

or absence of the other rex gene, retained strong Rex activity across constructs, but only in lysogens. A 

reduction in Rex activity of approximately 10- to 100-fold was observed in every such instance. To 

note, T4 and T4rII alike, were both able to completely abrogate Rex activity in all non-lysogenic cells, 

harbouring both Rex proteins, fused either at the C- or N- terminus. Notably, the double fusions of GFP 

and RFP at the C-terminus of both RexA and RexB, particularly the rexA::egfp-rexB::rfp construct, 

exhibited the strongest Rex activity with minimal T4rII plating across E. coli lysogens. The N-terminal 

fusion of both Rex proteins, on the other hand, showed a complete loss of Rex activity in both E. coli 

lysogen and non-lysogen cells, similar to what was observed at 25 °C. 

At 37 °C (derepressed state), very similar results to those at 35 °C were observed. In both E. coli 

lysogens and non-lysogens, GFP fusion at the N-terminus of either Rex protein, whether alone or in the 

presence of the other rex gene, leads to significant reductions in Rex activity, except in the case of the 

rexA-egfp::rexB construct in the lysogen, which mostly retained activity with only a 100-fold reduction. 

The GFP fusion at the C-terminus of either Rex protein (rexA::egfp or rexB::egfp), whether in the 

presence or absence of the other rex gene, retains strong Rex activity across constructs only in the E. 

coli lysogen. Exhibiting a reduction in Rex activity of approximately 10- to 100-fold in every instance. 

Again, in non-lysogenic cells harbouring both Rex proteins and fused at either terminal, T4 and T4rII 
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were able to abrogate Rex completely. Also, double fusions of GFP and RFP at the C-terminus of both 

RexA and RexB, particularly the rexA::egfp-rexB::rfp construct, exhibited the strongest Rex activity 

with minimal T4rII plating across E. coli lysogens. The N-terminal fusion of both Rex proteins, on the 

other hand, resulted in a complete loss of Rex activity in both E. coli lysogen and non-lysogen cells, 

similar to the effect observed at different temperatures. Notably, the egfp::rexA-rexB::rfp construct 

exhibited modest Rex activity at higher temperatures but showed a 1000-fold reduction in Rex and a 

104-fold increase in T4rII plating in the lysogen. Overall, these observations suggest that the presence 

of a fluorescent protein may attenuate Rex activity, reducing but not completely abolishing the Rex 

phenotype. The data further suggest that while fluorescently tagged Rex proteins lose their ability to 

fully mediate Rex function, they retain the capacity to interfere with or competitively inhibit the activity 

of untagged Rex proteins.   

 

Transformation efficiency: The relative transformation efficiency was calculated to assess the effect 

of the fluorescent tag on Rex activity, particularly in cases where both Rex proteins were fluorescently 

tagged. The transformation efficiency of all GFP/RFP fusion constructs was calculated at multiple 

temperatures: 23 °C (room temperature, inactive CI repressor), 30 °C (inactive CI), 35 °C and 37 °C 

(activated CI) (Table 4-8).  

 

 

 

 

 

 



 

  

 

118  

Table 4-8.  Assessing the Relative Transformation Efficiency of GFP-rex Combination 

Constructs at Various Temperatures. 

 
Construct* E. coli 

cellular 

state** 

          Relative efficiency of transformation*** 

 

       23 °C             30 °C              35 °C                37 °C 

-- wt 5 x 10-2 0.7 1.0 1.0 

 λcI857 6 x 10-2 0.8 1.0     n/a**** 

 [rexA-rexB] wt 5 x 10-4 1 x 10-2 1 x 10-2 1 x 10-2 

 λcI857 7 x 10-4 1 x 10-2 1 x 10-2 5 x 10-4 

 [egfp] wt 5 x 10-4 1 x 10-2 1 x 10-2 1 x 10-2 

 λcI857 6 x 10-4 1 x 10-2 1 x 10-2 n/a 

rexA::egfp wt 5 x 10-4 6 x 10-3 6 x 10-3 5 x 10-6 

 λcI857 6 x 10-4  8 x 10-3 7 x 10-3 n/a 

egfp::rexA wt 4 x 10-4 3 x 10-3 5 x 10-3 7 x 10-7 

 λcI857 4 x 10-4 5 x 10-3 6 x 10-3 n/a 

rexB::egfp wt 4 x 10-4 1 x 10-2 9 x 10-3 5 x 10-6 

 λcI857 5 x 10-4 1 x 10-2 1 x 10-2 n/a 

egfp::rexB wt 5 x 10-4 8 x 10-3 7 x 10-3 5 x 10-8 

 λcI857 4 x 10-4 8 x 10-3 8 x 10-3 n/a 

rexA::egfp-rexB wt 3 x 10-4 5 x 10-3 5 x 10-3 6 x 10-5 

 λcI857 5 x 10-4 5 x 10-3 6 x 10-3 5 x 10-6 

egfp::rexA-rexB wt 5 x 10-6 1 x 10-6 6 x 10-5 3 x 10-6 

 λcI857 6 x 10-5 5 x 10-7 3 x 10-5 3 x 10-7 

rexA-rexB::egfp wt 5 x 10-5 7 x 10-3 8 x 10-3 5 x 10-5 
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 λcI857 2 x 10-5 8 x 10-3 1 x 10-2 6 x 10-6 

rexA-egfp::rexB wt 7 x 10-5 5 x 10-3 8 x 10-3 3 x 10-6 

 λcI857 3 x 10-5 7 x 10-3 8 x 10-3 5 x 10-7 

rexA::egfp-rexB::rfp wt 2 x 10-6 8 x 10-3 7 x 10-3 8 x 10-5 

 λcI857 4 x 10-5 8 x 10-3 9 x 10-3 7 x 10-6 

egfp::rexA-rfp::rexB wt 3 x 10-7 3 x 10-3 8 x 10-2 5 x 10-6 

 λcI857 6 x 10-7 4 x 10-3 5 x 10-5 8 x 10-8 

egfp::rexA-rexB::rfp wt 8 x 10-6 4 x 10-3 4 x 10-3 3 x 10-6 

 λcI857 6 x 10-6 6 x 10-3 5 x 10-3 5 x 10-8 

 

* All constructs were derived from the pPL451 plasmid, with cassettes cloned into the MCS under the 

control of the CI (TS) repressor. (--) indicates the pPL451 plasmid (empty), as a negative control. E. 

coli BW25113 served as the host strain for all constructs.  

** E. coli BW25113 was used either in its wild-type (wt) form or lysogenized with λcI857(TS). For 

transformation efficiency assays, E. coli BW25113 (wt) or (λcI857) carrying the empty pPL451 vector 

served as the negative control. [pPL451 rexA-rexB] was used as the 100% rex+ control for Rex activity 

and transformation efficiency, while pPL451-eGFP served as the 100% control for fluorescent activity.  

*** The relative efficiency of transformation was calculated as: the transformation efficiency of the 

test plasmid/ transformation efficiency of pPL451 control at 35 °C. For each transformation, 100 μL 

was plated on both LB and LB + Amp plates. Transformants were incubated overnight at room 

temperature (23 °C), 30 °C, 35 °C, and 37 °C. Some plates at 23 °C were left for over 36 hours to allow 

colonies to reach a countable size. All values represent the average of three independent transformation 

assays.  

**** The “n/a” indicates that either the cells were fully lysed at the tested temperature, 37 °C, or that 

no data were available for the corresponding condition. 
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Initially, the plan was to use the wild-type strain as a host to test all fusion constructs and evaluate the 

impact of the fusions on Rex and its activity. However, results from the T4rII plating efficiency assay 

indicated a Rex¯ phenotype, suggesting a loss of Rex activity, as mentioned earlier in the T4rII plating 

efficiency and Rex activity section and explained in the discussion. Therefore, Rex was reintroduced 

into the system to assess whether its presence in λ lysogens influences transformation efficiency or restores 

Rex activity in fusion constructs. 

At 23 °C, the transformation efficiency was generally low across most constructs, regardless of host 

cell state (lysogens or non-lysogens), similar to pPL451 controls (with or without an eGFP tag). This 

observation suggests that cooler temperatures create suboptimal conditions for plasmid uptake and 

possibly affect transformation efficiency. All strains with only one rex gene (i.e. either rexA or rexB, in 

the absence of the other), regardless of the type or site of GFP fusion, exhibited moderate to similar 

efficiency to the controls. However, in the presence of both genes and dual tags with GFP and RFP, the 

transformation efficiency is notably lower than that of the controls. The majority exhibited a 1000-fold 

reduction in transformation efficiency and slow colony formation.   

At 30 °C, transformation efficiency improved by approximately 100 to 1000-fold for nearly all 

transformants compared to 23 °C. This temperature appeared to support optimal cellular conditions for 

plasmid uptake, and several strains reached peak efficiency, similar to those transformed by solo rex 

gene fusion constructs. One interesting finding from the pPL451 (egfp::rexA-rexB) construct is that, 

although all constructs showed enhanced transformation efficiency, this particular construct exhibited 

a 104-fold reduction compared to the 100% controls.  

At 35 °C, transformation efficiency remained relatively stable but showed some slight variability 

among certain transformants. Some maintained high efficiency comparable to the controls, while 

others, such as the egfp::rexA-rfp::rexB construct, began to show a decline, particularly among E. coli 
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lysogens. The egfp::rexA-rexB construct showed the lowest transformation efficiency in both lysogens 

and non-lysogens. 

At 37 °C, the transformation efficiency decreased significantly with a 104-fold reduction compared to 

the 100% controls for both wild-type and lysogenized cells. The effect was most striking when cells 

were in the lysogenic form: all transformed lysogens were able to grow at lower temperatures (i.e., the 

repressed state, where Rex proteins are not expressed) but were barely able to do so at 37 °C (i.e., the 

unrepressed state, where Rex proteins are expected to be expressed) compared to 100% controls.  

While some λcI857 lysogens were able to grow on LB supplemented with ampicillin, which selects for 

the pPL451 plasmid, they were unable to grow on LB without antibiotics at 37 °C. This observation 

was noted with all strains that had only one rex gene, in the absence of the other (i.e., either rexA or 

rexB), regardless of the type or site of GFP fusion or which Rex protein was tagged (see discussion for 

suggested explanation). In the presence of both genes, where one is fused with GFP, the transformation 

efficiency is significantly lower than that of the controls. The transformation efficiency is reduced by 

approximately 100 to 104 times compared to controls. 

 

Colony morphology: Colony morphology and growth characteristics were evaluated for E. coli strains 

harbouring plasmids encoding GFP-fused RexA or RexB proteins in the absence or presence of the 

corresponding partner protein (RexA or RexB). Transformed colonies were observed after 24 hours of 

incubation.  Colonies of E. coli BW25113 [pPL451], the 100% rex+ control, and the pPL451-egfp 

control all exhibited the same characteristics at the same temperatures. The colonies exhibited a wild-

type morphology, characterized by regular, round, shiny, and smooth surfaces (Figure 4-8). The 

majority of non-lysogenic transformants exhibited a morphology similar to that of the controls at 23 

°C. Still, they always tended to be smaller than the controls, even after incubation at the same 

temperature. The site of GFP fusion — either N-terminal or C-terminal — substantially influenced both 
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colony size and texture. The site of GFP fusion influences the size of the colonies expressing either 

RexA or RexB in the absence of the other protein (RexA or RexB).   

At 30 °C (repressed state, no expression of Rex proteins), colonies of E. coli BW25113 [pPL451] 

lysogens, the 100% rex+ control, and the pPL451-eGFP control all exhibited wild-type morphology: 

regular in shape, round, shiny, with smooth surfaces (Figures 4-8 A). All transformants exhibited no 

difference in morphology compared to the controls at 30 °C, although they did exhibit some differences 

in size. Interestingly, C-terminal fusion colonies were generally larger and flatter, especially on LB 

plates, compared to N-terminal fusion colonies, which were smaller and raised; however, the difference 

in size is not significant among all transformants at 30 °C (Figures 4-8 D-E). The differences between 

the C-terminal and the N-terminal fusions are clear but not significant when comparing RexA fusions 

with RexB: the RexA fusion is slightly smaller in size than the RexB fusion at 30 °C (Figures 4-8 B-

C). 
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Figure 4-8. Colony Morphology of E. coli BW25113 [pPL451-rex] Lysogens at 30 °C. A1. 

Colonies harbouring [pPL451-rex+] exhibit wild-type morphology, regular, small, and shiny; A2. 

Colonies harbouring pPL451(empty vector) exhibit wild-type morphology, regular, small, and shiny. 

B1. Colonies with [pPL451 egfp::rexA] construct also display wild-type morphology, with individual 

colonies measuring ~ 1 mm; B2. Colonies with [pPL451 rexA::egfp] construct exhibit wild-type 

morphology, with individual colonies measuring ~ 1 mm. C1. Colonies with [pPL451 egfp::rexB] 

construct show wild-type morphology with colony sizes of ~ 2 mm; C2. Colonies with [pPL451 

rexB::egfp] construct exhibit wild-type morphology with colony sizes of ~ 2 mm. D1. Colonies 

harbouring pPL451(egfp::rexA-rexB) show wild-type morphology and with individual colonies 

measuring ~ 1 mm; D2. Colonies harbouring [pPL451 rexA::egfp-rexB] construct exhibit wild-type 

morphology, with individual colonies measuring ~ 1 mm. E1. Colonies with [pPL451 rexA-egfp::rexB] 

construct also exhibit wild-type morphology, with individual colonies measuring ~ 1 mm; E2. Colonies 

harbouring [pPL451 rexA-rexB::egfp] construct exhibit wild-type morphology, with individual 

colonies measuring ~ 1 mm. F1. Colonies harbouring [pPL451 rexA::egfp-rexB::rfp] construct exhibit 

wild-type morphology, with colony sizes of ~ 2 mm; F2. Colonies harbouring [pPL451 egfp::rexA-

rfp::rexB] construct exhibit wild-type morphology, with colony sizes of ~ 1 mm. An arrow in each 

image indicates representative colonies.  
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At 37 °C (derepressed state, expression of Rex proteins), colonies of E. coli BW25113 [pPL451] 

lysogens, the 100% rex+ control, and the pPL451-egfp control all exhibited different morphology: 

larger in shape, round, matte, and with flat surfaces (Figure 4-9 A). All transformants exhibited no 

difference in morphology compared to the controls at 37 °C. Notably, C-terminal fusion colonies were 

generally larger and flatter, especially on LB plates, compared to N-terminal fusion colonies, which 

were smaller and raised; however, the difference in size was noticeable among all transformants at 37 

°C (Figure 4-9 B2-C2). The egfp::rexA colony is very similar to the control colony in size (around 1 

mm) but exhibits a mucoid appearance (Figure 4-9 B1). The C-terminal fusion resulted in larger 

colonies (approximately 2 mm) compared to the control, but they remained sticky (Figure 4-9 B2). The 

N-terminal fusion of GFP to RexB in the absence of RexA produced larger colonies, approximately 2 

mm, and flatter, with less shine compared to controls (Figure 4-9 C1). The colony of cells encoding the 

RexB plasmid, where eGFP is fused to the C-terminus of RexB, is larger than the N-terminal fusion 

(about 2-3 mm) while maintaining a similar texture and appearance (Figure 4-9 C2). The C-terminal 

fusion of both GFP and RFP to RexA and RexB, respectively, resulted in a colony size of approximately 

4 mm (Figure 4-9 F2), which is significantly larger than the control. In contrast, the N-terminal fusion 

of both GFP and RFP to RexA and RexB yielded a colony size of about 3 mm (Figure 4-9 F1), larger 

than the control but smaller than that of the C-terminal fusion.  
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Figure 4-9. Colony Morphology of E. coli BW25113 [pPL451-rex] lysogens at 37 °C. A1. Colonies 

harbouring pPL451(wt) construct exhibit wild-type morphology: regular, small, and shiny; A2. 

Colonies harbouring the [pPL451 -rex+] construct exhibit wild-type morphology but are slightly larger 

than those with the empty vector. B1. Colonies with [pPL451 egfp::rexA] construct exhibit small (~ 1 

mm) and matte in texture; B2. Colonies with [pPL451 rexA::egfp] construct exhibit larger (~ 2 mm) 

and also matte in texture. C1. Colonies harbouring [pPL451 egfp::rexB] construct are large (~ 2 mm) 

and matte in texture; C2. Colonies harbouring [pPL451 rexB::egfp] construct are also large (~ 2 mm) 

and matte in appearance. D1. Colonies with [pPL451 egfp::rexA-rexB] construct are large and matte, 

measuring ~ 2 mm in size; D2. Colonies with [pPL451 rexA::egfp-rexB] construct exhibit large and 

matte appearance, measuring ~ 3 mm in size. E1. Colonies harbouring [pPL451 rexA-egfp::rexB] 

construct are small (~ 1 mm) and matte; E2. Colonies with [pPL451 rexA-rexB::egfp] construct are 

larger and matte, measuring ~ 2 mm in size. F1. Colonies harbouring [pPL451 egfp::rexA-rfp::rexB] 

construct exhibit large (~ 3 mm) and matte; F2. Colonies harbouring [pPL451 rexA::egfp-rexB::rfp] 

construct exhibit very large and matte colony morphology, measuring ~ 4 mm. Representative colonies 

are indicated by arrows in each image. 
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After observing colony morphology across all constructs and controls at the tested temperatures, a 

quantitative analysis was conducted at 37 °C, the condition under which the greatest diversity in colony 

size and texture was observed (Figure 4-10). Each of the 11 experimental constructs and 3 control 

plasmids (pPL451 empty vector, -egfp, and rexA-rexB) was assessed by observing 200 colonies grown 

under identical environmental conditions, media, and incubation time. The only variable was the type 

of harboured constructs. Colony diameters were measured in millimetres using digital callipers and 

validated with image analysis software. Only well-formed, circular, and isolated colonies with 

diameters between 0.5 mm and 5 mm were included to ensure measurement accuracy and biological 

relevance. Colonies were considered consistent if their size fell within ±10% of the mean colony size 

for that construct, a threshold selected to capture natural biological variation while identifying 

constructs that introduce morphological instability. This approach aligns with established practices in 

phenotypic reproducibility assessments in microbiology (Macleod et al., 2021; MDAR Working Group 

2020).  

Outliers were identified using the 1.5 x interquartile range (IQR) rule and excluded only if visually 

confirmed to be irregular, merged, or texturally distinct from the control phenotype. Colonies that 

differed in appearance, texture, or size from the control group were excluded to maintain consistency 

in phenotype classification. The percentage of consistent colonies per construct was calculated using 

the formula:   

Percentage consistent = (consistent colonies / total colonies tested) x 100 

The results demonstrated a high degree of uniformity, with consistency values ranging from 87% to 

98%. Control constructs exhibited the highest consistency (196/200 colonies for both pPL451 empty 

vector and pPL451-egfp, while the [pPL451 rexA-rexB] constructs were approximately 95% consistent 
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(190/200). At the same time, most constructs containing GFP fusions showed greater variability (94%-

96%), slightly lower but still high consistency. Notably, the N-terminal fusion of GFP and RFP to both 

RexA and RexB constructs showed the lowest consistency at 87% among the tested constructs, 

suggesting that this configuration introduces variability in colony development. The N-terminal fusion 

produced colonies that were larger in size, with an average diameter of ~3 mm; however, some outliers 

reached 5 mm or were smaller than 2 mm. Despite similar surface texture, these outliers were excluded 

from the analysis due to their deviation from the dominant colony phenotype of this construct, e.g., 

egfp::rexA-rfp::rexB. Importantly, re-streaking confirmed that the dominant phenotype was stable, 

indicating that the observed variation probably reflects initial growth differences rather than heritable 

mutations. These inconsistencies may stem from disrupted membrane localization or impaired function 

of either Rex protein due to the N-terminal fusions, or from imbalanced expression levels, resulting in 

the observed heterogeneity in colony size and growth dynamics. The average consistency across all 

samples was 94.3%, with a standard deviation of ± 2.9% and a margin of error of ±2% at a 95% 

confidence level (Biology Notes Online, 2024; Macleod et al., 2021). These findings indicate generally 

low inter-sample variability between most constructs, resulting in a stable and reproducible colony 

morphology under the tested conditions. Only the dual N-terminal fusion construct showed substantial 

inconsistencies in colony morphology. This quantitative framework provides a robust basis for 

evaluating phenotypic stability across genetically modified E. coli strains.  
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Figure 4-10. Colony Morphology Consistency of E. coli BW25113 [pPL451-rex] lysogens at 37 °C. 

The bar chart displays the percentage of colonies exhibiting consistent morphology for each construct 

and control, based on 200 colonies per sample. Constructs vary by the orientation of GFP/RFP fusion 

(N-terminal or C-terminal) and the type of Rex protein expressed (either RexA or RexB, or both).  
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Rex under the microscope: To investigate whether Rex proteins retain functionality when fused to 

fluorescent tags, a series of rex::egfp constructs were examined for their ability to express the Rex 

phenotype upon infection with T4rII. Observations of reduced transformation efficiency, changes in 

colony morphology, and temperature-dependent Rex activity suggest that the fusion may affect Rex 

expression and its subsequent function in a construct-dependent way. To further characterize these 

constructs, they were examined under the microscope to gain insight into their behaviour before and 

after temperature induction. The primary aim of the fluorescent protein fusion is to develop a system 

capable of eventually localizing Rex proteins within the host cell and to enable future assessment of 

Rex activity under varying conditions. This includes monitoring expression before and after 

temperature induction, as well as before and after infection with T4 and T4rII. All strains were grown 

overnight at 25 °C, then either induced at 37 °C for 60-90 min or maintained uninduced at 30 °C until 

testing. The wild-type strain served as a negative control for GFP imaging (Figure 4-11 A1), while the 

pPL451-egfp plasmid was utilized as a 100% control for GFP expression (Figure 4-11 A2). To enhance 

imaging quality and reduce background noise, all samples were fixed with 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS). Microscopy was performed using a 60x objective lens, which 

enabled visualization of the fluorescent signal but not individual protein molecules. As this setup does 

not permit accurate quantification of expression levels or the number of fluorescent cells, the analysis 

focused on the presence or absence of detectable fluorescence and a qualitative estimation of 

fluorescence intensity. To approximate the relative expression levels of GFP across constructs, 

grayscale background images were compared with corresponding GFP fluorescence images for each 

Rex fusion construct. This approach allowed for a semi-quantitative assessment of GFP expression, 

providing insight into the relative fluorescence output of each tagged Rex protein. Imaging was 

conducted using the EVOS FL Auto fluorescence imaging system (ThermoFisher Scientific, Canada), 
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which supports simultaneous detection in multiple fluorescent channels, including RFP and GFP, and 

is suitable for co-expression and dual-tagging experiments.   
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Figure 4-11. Fluorescence Microscopy of E. coli BW25113 lysogen harbouring [pPL451 rex::egfp] 

plasmids (single expression). A1. BW25113 (pPL451) shows no GFP expression/lack of GFP tag; the 

grayscale background shows cells with no fluorescence. A2. BW25113 [pPL451 egfp] exhibits strong 

GFP fluorescence upon induction, confirming successful expression of the GFP tag. B1. BW25113 

[pPL451 rexA::egfp], where GFP fusion at the C-terminal of RexA shows a detectable signal of GFP. 

B2. BW25113 [pPL451 egfp::rexA], where an N-terminal GFP tag to RexA reveals a few spots with 

GFP expression. C1. BW25113 [pPL451(rexB::egfp)], where C-terminal fusion to RexB shows some 

GFP signal. C2. BW25113 [pPL451(egfp::rexB)], where an N-terminal fusion to RexB exhibits a very 

faint GFP signal. D1. BW25113 [pPL451 rexA::egfp-rexB], where the GFP signal is moderately 

observed but is not significant when the tag is fused to the C-terminal of RexA in the presence of RexB. 

D2. BW25113 [pPL451egfp::rexA-rexB], where an N-terminal fusion to RexA in the presence of RexB 

shows a limited GFP signal. E1. BW25113 [pPL451 rexA-rexB::egfp], where the GFP expression 

signal was widespread when the tag was attached to the C-terminal of RexB in the presence of RexA. 

E2. BW25113 [pPL451 rexA-egfp::rexB], where Limited GFP expression occurs when tagged to RexB 

at the N-terminal in the presence of RexA. All cells were grown at 30 °C and then induced at 37 °C, 

after which they were treated with 4% PFA and PBS for improved imaging. Images taken using EVOS 

FL Auto imaging Microscope using a 60x objective lens. Arrows point to key regions of GFP/RFP 

fluorescence, highlighting areas of successful expression. 
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The rexA::egfp construct image (Figure 4-11 B1) reveals widespread GFP fluorescence across the 

image, suggesting a successful GFP protein fusion and uptake of the vector. The N-terminal fusion 

imaging has shown very little to no GFP expression in either RexA or RexB (Figures 4-11 B2 and C2).  

Imaging of the egfp::rexA construct revealed clusters of cells with low or undetectable GFP 

fluorescence, despite successful selection and induction, suggesting that the lack of signal is unlikely 

due to plasmid uptake. Instead, these observations suggest that N-terminal fusion may impair proper 

folding, localization, or function of RexA, thereby affecting GFP fluorescence.  

Given that constructs with N-terminal RexA and RexB fusions still interfere with untagged Rex 

activity, the fluorescent proteins appear to lose full Rex functionality while retaining the ability to 

disrupt pr block the activity of native Rex proteins. The interference, combined with altered 

localization, likely contributes to the observed variability in fluorescence. Similar scenarios were 

observed concerning the presence of both rexA and rexB genes, where one is tagged with GFP while 

the other is not.  

The C-terminal fusion showed better protein expression and was more prominent. In the case of the 

rexA-rexB::egfp construct (Figure 4-11 E1), several distinct possible cellular outlines and potential 

fluorescent signals are more discernible, and the tagged protein expression is apparent. In comparison, 

the N-terminal fusion (rexA-egfp::rexB) exhibited very faint, and in some cases, no GFP expression per 

image, as no distinct GFP-positive structures were evident (Figure 4-11 E2).  

Our observations clearly indicate that the expression of the tagged protein varies between RexA and 

RexB, as well as between N-terminal and C-terminal fusions. From the visualization of the GFP/RFP-

expressing constructs, the C-terminal fusion of GFP to RexA or RexB showed significantly more 

noticeable protein expression compared to the N-terminal fusion (Figures 4-11 B-E). However, this 

difference should not be interpreted as a direct correlation with Rex activity. Instead, the data suggest 

that fluorescence may be influenced by protein localization or structural constraints imposed by the 
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fusion, rather than by survival outcomes in T4rII plating assays. Constructs with N-terminal fusions 

still interfere with untagged Rex, suggesting that while these fusions lose full Rex functionality, they 

retain the ability to disrupt Rex activity, which may also affect fluorescence patterns. 
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Figure 4-12. Fluorescence Microscopy of E. coli BW25113 lysogens harbouring [pPL451 

rex::egfp] plasmids (Dual expression). F1. E. coli BW25113 [pPL451 rexA::egfp-rexB::rfp], where 

the C-terminal fusion of both RexA and RexB with GFP and RFP demonstrates the co-expression of 

both proteins in the same context cells. Strong green and red fluorescence signals indicate successful 

expression, with yellow regions in the merged images indicating overlapping fluorescence signals from 

GFP and RFP, consistent with co-expression. F2. BW25113 [pPL451 egfp::rexA- rfp::rexB], where an 

N-terminal fusion of both RexA and RexB with GFP and RFP. Fluorescence signals vary between 

channels, and overlay images reveal limited co-expression, suggesting differential expression or 

stability of the tagged proteins. F3. BW25113 [pPL451 egfp::rexA-rexB::rfp], where the fusion of GFP 

at the N-terminal of RexA and RFP at the C-terminal of RexB. GFP signal is weak, while RFP is more 

prominent, resulting in limited overlap and suggesting reduced expression or stability of the GFP-

tagged construct.  All cells were grown at 30 °C and then induced at 37 °C, after which they were 

treated with 4% PFA and PBS for improved imaging. Images taken using EVOS FL Auto imaging 

Microscope with a 60x objective lens. Red for RPF expression, green for GFP expression, and yellow 

in merged images for co-expression/ overlapping fluorescence. Arrows point to key regions of 

GFP/RFP fluorescence, highlighting areas of successful expression. 
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Interesting results were also observed where GFP and RFP proteins were used to tag RexA and RexB 

simultaneously. C-terminal fusion of GFP and RFP to RexA and RexB, respectively, demonstrated 

significant Rex activity and very low infectivity upon infection with T4rII. Here, the C-terminal double 

tag has allowed evident and recognizable expression of both proteins in most cells (Figure 4-12 F1). 

Conversely, the N-terminal fusions of both proteins have displayed very low success rates, as evidenced 

by exhibiting faint and weak double protein expression, as seen in the image (Figure 4-12 F2). 

 In most egfp::rexA-rfp::rexB constructs, only RFP was expressed in most cells, with minimal or no 

expression of GFP (Figure 4-12 F2). In cases of simultaneous C- and N-terminal fusions, such as in the 

egfp::rexA-rexB::rfp construct, the RFP-expressing cells are significantly higher than those of GFP-

expressing cells (Figure 4-12 F3). This may relate to the site of fusion or enhanced protein expression 

resulting from the fusion of RFP at the C-terminus versus GFP at the N-terminus of Rex proteins. All 

observations and explanations are detailed in the discussion chapter. 

Building on the qualitative fluorescence microscopy observations, a semi-quantitative analysis was 

performed to estimate the proportion of fluorescent cells expressing GFP and/or RFP across all Rex 

fusion constructs in both wild-type and λ lysogen E. coli BW25113 strains. This step was vital for 

providing a more objective comparison of expression efficiency between constructs and for validating 

the visual trends observed under the microscope.  

For each construct, the total number of cells was counted from brightfield images, while GFP- and 

RFP-positive cells were tallied from their respective fluorescence channels. Co-expression was 

evaluated by identifying cells displaying overlapping green and red fluorescence in merged images. To 

ensure consistency and comparability, the analysis was standardized by counting 100 cells per image 

across all samples. This provided uniform sampling and reduced variability caused by differences in 
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cell density or field of view. GFP-positive cells, RFP-positive cells, and co-expressing cells were 

counted, and the corresponding fluorescence rates were calculated using the following equation:  

Fluoresent cell rate (%) = (
number of fluoresent cells

total number of cells
) x100 

This formula was applied separately for GFP+, RFP+, and GFP+ RFP+ (co-expressing) cells (Table 

4-9).  

No detectable GFP or RFP fluorescence was observed in any of the tested constructs when expressed 

in wild-type non-lysogenic cells, including single and dual fusions (e.g., rexA::egfp, egfp::rexA, 

rexB::egfp, rexA-rexB::egfp, rexA-egfp::rexB, egfp::rexA-rexB::rfp). Both negative control E. coli 

BW25113 [pPL451] and positive control BW25113 [pPL451 egfp] behaved as expected, confirming 

the lack of signal was specific to the Rex fusion constructs rather than a technical issue. Cells were 

grown at 30 °C and induced at 37 °C for 30-60 min before fluorescence analysis.  

These findings suggest that fluorescent tagging, particularly in the absence of a λ lysogen context, 

severely compromises Rex protein function and/or localization, resulting in undetectable fluorescence 

under the tested conditions. 
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Table 4-9.  Summary of fluorescent cell counts and expression rates in λ lysogen E. coli 

BW25113 harbouring rex::egfp constructs. 

 

 
Construct* Total 

Cells 

GFP+ 

Cells 

GFP+ 

(%)** 

RFP

+ 

Cells 

RFP

+ 

(%)*

* 

GFP+

RFP+ 

Cells 

Co-

expression 

(%)** 

-- 100 N/D N/D N/D N/D N/D N/D *** 

egfp 100 83 83 N/D N/D N/D 83 

rexA-rexB 100 N/D N/D N/D N/D N/D N/D 

rexA::egfp 100 50 50 N/D N/D N/D 50 

egfp::rexA 100 20 20 N/D N/D N/D 20 

rexB::egfp 100 75 75 N/D N/D N/D 75 

egfp::rexB 100 40 40 N/D N/D N/D 40 

rexA::egfp-rexB 100 43 43 N/D N/D N/D 43 

egfp::rexA-rexB 100 25 25 N/D N/D N/D 25 

rexA-rexB::egfp 100 90 90 N/D N/D N/D 90 

rexA-egfp::rexB 100 30 30 N/D N/D N/D 30 

rexA::egfp-rexB::rfp 100 100 100 100 100 100 100 

egfp::rexA-rfp::rexB 100 20 20 50 50 10 20 

egfp::rexA-rexB::rfp 100 20 20 70 70 10 20 

 

*Constructs were expressed in λ lysogen E. coli BW25113. E. coli BW25113 [pPL451] served as a 

negative control, while the BW25113 [pPL451 egfp] was used as a positive control for GFP expression. 

Cells were grown at 30 °C and induced at 37 °C for 30-60 min before fluorescence analysis. 

**Expression rate refers to the percentage of cells exhibiting green (GFP), red (RFP), or both signals. 

*** N/D indicates no detectable expression or that the data are not applicable for the given construct. 
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This analysis revealed apparent differences in expression efficiency depending on the fusion orientation 

and genetic background. In the wild-type context, none of the constructs, including both positive and 

negative controls, exhibited detectable fluorescence. As a result, subsequent experiments were 

conducted under λ lysogen conditions (Table 4-9). Notably, lysogen strains expressing C-terminally 

tagged constructs exhibited higher levels of expression and co-expression compared to other 

configurations.  

Remarkably, the rexA::egfp-rexB::rfp construct showed the highest expression and co-expression rates, 

consistent with the strong, widespread fluorescence observed microscopically (Figure 4-12 F1). In 

contrast, N-terminal fusions (e.g., egfp::rexA-rfp::rexB) showed reduced fluorescence, consistent with 

many cells lacking detectable signal (Figure 4-12 F2). Mixed fusion constructs, such as egfp::rexA-

rexB::rfp, displayed a clear imbalance in expression, with the RFP signal dominating over GFP (Figure 

4-12 F3). The quantification step not only supports the microscopy findings but may also provide a 

reproducible framework for comparing expression dynamics across constructs.  
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Chapter 5                                              

Discussion 

5.1 Identification of the Interrupted Genes Responsible for the 

Rex‾ Phenotype 
 

Existing insights into how the ionic environment influences Rex activity led to the discovery of 

potential key roles of outer membrane proteins in Rex phenotype during my Master’s thesis research, 

serving as the rationale for the research presented in this thesis. Building upon this key finding, a 

hypothesis was suggested that many other E. coli host genes, regulators, or factors play a role in 

influencing or sustaining Rex activation during infection. To identify other potential host factors, a set 

of phenotypically Rex− but genotypically rex+ mutants was generated using a one-step mutagenesis 

approach. Here, the analysis of these mutants and, based on that work, the elucidation of novel host 

genes that may influence the Rex phenotype is presented.  

Briefly, the R6K origin of replication (ori R6K ɣ) system is a widely used tool in bacterial genetics for 

generating random gene insertions and mutations. Replication requires the π protein, which is encoded 

by the pir gene. In pir-negative hosts, a plasmid with an R6K ori acts as a suicide vector, since the 

plasmid and any genes encoded on it cannot persist. It is therefore handy for delivering transposons that 

integrate into the genome, disrupting genes and facilitating mutagenesis. In 1994, a study by de Lorenzo 

and Timmis successfully used R6K ori-based suicide plasmids to deliver mini-Tn5 and mini-Tn10 

transposons into Gram-negative bacteria. The authors demonstrated that the system enabled efficient 

random mutagenesis, creating stable mutants with selectable phenotypes, thereby validating its utility 
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for genetic studies in diverse bacterial hosts (de Lorenzo and Timmis 1990, 1994). More recently, 

Anderson (2006) developed the BioBrick part BBa-J61001 as a modular transposon delivery system, 

which includes the R6K origin of replication and Tn5 transposon elements, designed for random 

genomic insertion. While effective for gene delivery, its random insertion can disrupt the function of 

the target genes or regulatory elements (Anderson, J. 2006; Aachen 2019; Hutchison et al., 2019). In 

my work, Rex¯ mutants were generated using a one-step mutagenesis plasmid system, “pRex” 

(pHA02), which utilizes this principle. This plasmid carries λ rexA-rexB genes under the control of λ 

PR promoter, and cl[ts] regulator, along with a tetracycline (Tc) insertional antibiotic marker flanked 

by two Tn10 insertion sequences. Upon introduction into E. coli, the Tn10 transposon randomly inserts 

into the genome, disrupting genes while simultaneously conferring the rexA-rexB genotype. Candidates 

that were genotypically rex+, but phenotypically Rex− or attenuated for Rex activity, indicated the 

disruption of genes involved in Rex function. Thirteen such mutants were isolated during Alattas' MSc 

thesis (2015). These isolates were confirmed to be genotypically rex+, while also exhibiting strong 

attenuation or complete loss of Rex activity.  

 
To determine whether the observed Rex¯ phenotype in the Rex¯ mutant candidates resulted directly 

from the Tn10-rex cassette delivered via the one-step insertional mutagenesis system or as a result of 

an unexpected mutation occurring during or after the mutagenesis process, further analysis was 

conducted. To investigate this, all isolates were cured of their pRex plasmids and assessed for their 

sensitivity to T4 and T4rII phage. Several cured isolates remained sensitive to T4rII, indicating a loss 

of Rex activity despite being genotypically rex+. When these isolates were transformed by pHA1 

(pUC19-based plasmid carrying a functional rex operon; Figure 3-1), Rex activity was not fully 

restored. This suggested that the Rex− phenotype was not due to a defective rex cassette, but rather due 

to insertional disruption of host genes involved in the Rex pathway. The fact that several isolates 
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remained Rex− even after reintroduction of additional functional copies of the rex operon supports the 

hypothesis that insertional disruption of host genes, rather than defects in the rex cassette itself, was 

responsible for the loss in phenotype. To confirm the genetic basis of the Rex− phenotype, targeted 

sequencing of insertion sites was performed to identify disrupted genes and validate their role in Rex 

activity.  

5.1.1 Inverse PCR and Identification of Rex¯ Mutant: 

To identify which host genes were disrupted in the 13 Rex− isolates (Table 4-1), PCR using primers 

targeting the ends of the Tn10 transposon was performed under low-stringency conditions to amplify 

adjacent genomic regions. However, sequencing and BLAST analysis revealed that all amplified 

fragments matched the pRex plasmid backbone, including the R6K ori origin, tetracycline resistance 

Tc, and mob genes, rather than host DNA. This suggests that the entire plasmid had integrated into the 

genome, not just the transposon. As a result, standard PCR-based mapping was ineffective due to the 

presence of overlapping sequences from multiple plasmid regions. This outcome, while not the intended 

outcome of transposon mutagenesis, is a well-documented phenomenon, particularly in systems 

involving conjugative plasmids. Conjugative plasmids, by their nature, carry mob genes and often 

recombination-prone elements that can facilitate unintended integration events. For instance, studies 

have shown that IS elements or recombination-prone sequences can mediate full plasmid integration, 

particularly when transposase activity is unregulated or when plasmid architecture facilitates 

recombination (Kvitko et al., 2012; Riley et al., 2023). Similar outcomes have been reported in systems 

using Tn5 and r6K ori-based vectors, such as the iGEM part BBa-J61001, where unintended integration 

of plasmid backbone sequences led to gene disruption (Anderson, J. 2006; Hutchison et al., 2019). 

Although antibiotic resistance markers can help distinguish between simple insertions and full plasmid 

integration, these markers alone are not always conclusive, as both situations may share the same 

resistance profile. Therefore, confirming insertion events remains crucial, since full plasmid integration 
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can hide the detection of true gene knockouts and complicate downstream functional analysis (Zucca 

et al., 2013). 

Instead, an inverse PCR was used to amplify the interrupted genes. Amplified fragments from inverse 

PCR were sequenced, and one amplicon from the isolate HA-11 was identified as the E. coli non-

essential gene mglC. The gene mglC, a known hydrophobic ABC transporter permease that functions 

in methyl-galactoside transport (Hogg et al., 1991; Death et al.,1993; Death and Ferenci 1994). MglC 

is likely situated on the internal side of the inner membrane (Harayama et al., 1983), which is notable 

given that RexB is also inner membrane-associated (Parma et al., 1992). This spatial proximity raises 

the possibility of a physical or functional interaction between MglC and RexB. Given that RexA might 

operate in the cytoplasm and interact with RexB, the membrane orientation of MglC could potentially 

facilitate or modulate Rex system activity. Interestingly, previous studies indicate that mglA and mglB 

mutants primarily affect transport and chemotaxis (Ordal and Adler 1974). In contrast, mglC disruption 

strongly impairs transport without significantly altering chemotaxis (Ordal and Adler 1974), suggesting 

a distinct role for MglC within the operon. The lack of a similar effect from mglA or mglB mutations 

in this context may imply that MglC has an additional, previously unrecognized function beyond sugar 

transport —possibly related to membrane organization or interaction with other inner membrane 

proteins such as RexB. While these observations are intriguing, the current evidence does not suffice 

to confirm a direct mechanistic role for MglC in Rex-mediated exclusion. 
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5.2 Screening for Susceptible Host Proteins Involved in Rex/ RII 

Activity 
The E. coli envelope is a complex structure of various molecules that play critical functions in the cell’s 

life. About 30% of the E. coli proteome consists of membrane proteins (Kalwarczyk et al., 2012; 

Antoine Gautier 2014); in fact, over half of the E. coli cell mass is protein (Schönheit et al., 2016), and 

its concentration ranges from 200 to 320 mg/ml (Cayley et al., 1991; Elowitz et al., 1999). This shows 

the critical role and involvement of the protein composition in a cell’s integrity and function. In E. coli, 

it is estimated that approximately 1000 of the approximately 4200 proteins are membrane proteins, with 

roughly 600 confirmed as residing in the membrane (Daley et al., 2005; Martin and Sawyer 2019; Sueki 

et al., 2020). As of 2023, a significant number of newly identified proteins were membrane proteins; 

however, they are not well characterized in terms of their functions and structures (Toyofuku et al, 

2023).  

Small proteins, sigma factors, and their associated regulators also constitute a significant percentage of 

E. coli proteins. Seven sigma factors and their regulators are crucial for modulating gene expression 

and protein activity, especially under stress conditions. Membrane proteins play a crucial role in this 

regulatory network (Urtecho et al., 2023; Qiu et al., 2024).  

In earlier work, several outer membrane proteins were identified as potential mediators of Rex activity 

(Alattas, MSc Thesis, 2015). The pronounced impact of their absence on Rex function suggests that the 

outer membrane plays a critical role in either the cellular localization of Rex components or in the 

triggering of Rex-mediated exclusion. This observation implies that structural or signalling elements 

associated with the outer membrane may be integral to the activation or regulation of the Rex system. 

However, the precise mechanism by which these proteins influence Rex activity remains to be 

elucidated (Figure 5-1). 
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Figure 5-1. Role of Outer Membrane Proteins in Modulating Rex Activity. Deletion of specific 

Omps appears to attenuate Rex activity, suggesting a potential role in its mechanism. In particular, 

ΔompF, ΔompL, ΔompT, ΔompW, and ΔompX exhibited reduced Rex-mediated inhibition of T4rII 

plating. A. Rex activity is defined as the ability of pHA1-delivered rex genes to reduce plating in the 

presence or absence of RII. Activity is quantified as the inverse of the relative EOP of the sample in 

rex+ conditions (plasmid present) compared to rex¯ conditions (empty plasmid). Maximal Rex activity 

corresponds to complete attenuation of T4rII (rII¯) plating in the presence of the rex+ pHA1 in E. coli 

BW25113 (wt). In contrast, the absence of Rex activity is indicated by full plating of T4 (rII+) in the 

presence of the rex+ pHA1 in E. coli BW25113 (wt). B. Omps are known to mediate ion transport 

across the outer membrane and are regulated by the alternative sigma factors RpoE and RpoS.  

 

 

To build upon the earlier findings involving the omp knockouts, the analysis was extended to examine 

the influence of additional membrane-associated and related proteins on the Rex-mediated exclusion. 

This was achieved using the Keio collection, which allows systematic investigation of single-gene 

knockouts (Baba et al., 2006). Each mutant strain was either transformed by the high-copy pHA1 rex+ 

plasmid or was lysogenized by λcI857[Ts] to assess Rex activity under native expression levels. These 

were then assayed for T4rII plating efficiency and Rex activity. The high-copy plasmid pHA1 encodes 
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the rexA-rexB genes under the control of the pM promoter, which is regulated by cI repressor, and 

exhibits overexpression of these genes. Previous studies have shown that this does not disrupt the 

exclusion phenotype, provided the stoichiometric balance between rexA and rexB is maintained 

(Slavcev and Hayes 2003; Snyder and McWilliams 1989). By increasing rex gene dosage, it was 

expected that only knockouts of host genes directly involved in Rex function would significantly impair 

exclusion.  

To validate these findings under physiological conditions, λcI857 lysogens were used, allowing for 

temperature-inducible expression of rex genes. The λcI857 repressor is active at 30 °C, where it binds 

to pR and pL to prevent transcription, including that of the rex genes. In contrast, at 42 °C, CI is 

inactivated, permitting expression (Restrepo-Pineda et al., 2021). As such, λcI857 lysogens can grow 

at 30 °C, where viability at 42 °C is used as a genetic confirmation of lysogeny. At 42 °C, CI depression 

facilitates phage growth in λcI857 lysogens, resulting in cell lysis and host cell death. This system 

enabled the evaluation of Rex activity at both overexpressed and native expression levels.  

Over 50 knockout strains were individually tested under low and high rex+ gene dosage conditions. 

However, a subset of strains was eliminated from this analysis due to poor growth characteristics, 

transformation inefficiency, or instability under selective conditions. These limitations likely reflect 

essential gene disruption, metabolic burdens, or plasmid-host incompatibilities, which can compromise 

the reproducibility and interpretability of phenotypic assays under stress-inducing conditions such as 

elevated temperature or high rex expression. The wild-type strain BW25113 (wt) harbouring the rex+ 

plasmid pHA1 served as a positive control, exhibiting complete resistance to T4rII plating and near-

complete sensitivity to T4 RII+ plating. On the other hand, the wt strain lacking the rex+ plasmid showed 

almost complete sensitivity to both T4 wt and T4rII mutant. The more than 106-fold difference in 

plating efficiency between T4 (rII+) and T4(rII−) underscores the strength of the Rex phenotype and 
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the critical role of T4’s rIIA and rIIB genes in modulating this interaction. For each mutant harbouring 

the rex+ plasmid, Rex activity was quantified relative to these controls.  

Rex activity was defined as the ability of pHA1-delivered rex genes to reduce plating in the presence 

or absence of RII. Activity was derived by taking the inverse of the relative EOP of the sample in rex+ 

conditions (plasmid) compared to rex¯ conditions (no plasmid). Maximal Rex activity was defined by 

the complete attenuation of T4rII (rII¯) plating in the presence of the rex+ pHA1 in E. coli BW25113 

(wt). The absence of Rex activity is full plating of T4 (rII¯) in the presence of the rex+ pHA1 in E. coli 

BW25113 (wt), where the ˂ 3.0 x 10−7 represents the cutoff of sensitivity. 

Initial attempts to assess Rex activity using a standard T4/T4rII overlay assay were hindered by the 

formation of small plaques in several examined host mutants. These mutants, which appeared to 

attenuate Rex activity, made plaque visualization and quantification unreliable. To address this 

limitation, an infective center assay was employed, where infected cells were diluted and plated on host 

cells before lysis, creating infected centers that generated larger, more distinct phage bursts from 

individual infection events. The selected mutants and isogenic parent strains were λcI857 lysogens 

previously characterized in earlier experiments (Tables 4-2, 4-3, and 4-4).  

T4rII-infected centers were examined for plating efficiency at an MOI of 3, ensuring, based on Poisson 

distribution, that a single phage particle infected most cells. This approach significantly improved 

plaque visibility and counting accuracy across all tested mutants (Table 4-5). The formation of small 

plaques in specific mutants may reflect partial activation of the Rex system, reduced phage replication 

efficiency, or host physiological changes that limit phage burst size. In particular, RexA and RexB are 

known to disrupt membrane potential and cellular energetics upon activation, which can lead to abortive 

infection and reduced phage yield (Benzer 1955; Ennis and Cohen 1968). Mutations that modulate this 
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response, either by weakening Rex function or altering host susceptibility, can result in smaller, less 

distinct plaques, complicating standard overlay-based quantification. 

 

5.2.1 Assessing Rex Activity in Mutants of Glucose Transporter Membrane 

Proteins Suspected to be Involved in T4rII Exclusion  

As a starting point, the ΔmglC was investigated, previously identified as a candidate influencing Rex 

phenotype through the one-step mutagenesis approach detailed in Chapters 4.1 and 5.1. Transformation 

of a ΔmglC mutant with the high-copy rex+ plasmid pHA1 exhibited more than 102-fold reduction in 

Rex activity compared to the wild-type control, supporting the initial observation (Alattas et al., 2020). 

MglC is part of a complex operon expressing Mgl-Gal proteins (Boos et al.,1971; Death et al., 1993; 

Death and Ferenci 1994). While this result suggests a role for mglC in modulating Rex function, the 

underlying mechanism remains unresolved, and the possibility of indirect effects, such as altered 

membrane composition or transport dynamics, must be considered. Further analysis revealed that the 

deletion of mglA, a co-transcribed gene in the same operon, also reduced T4 (rII+) plating by more than 

10-fold in a rex+ context. Given that the plating assays can vary by up to 10-fold due to experimental 

error, this reduction may not be considered biologically significant. Nonetheless, the result raises the 

possibility that mglA may influence RII activity, either independently or synergistically with Rex. 

Similarly, deletions of galK, galT, and galE, genes involved in galactose metabolism, also demonstrated 

a decrease in T4 plating efficiency by as much as two orders of magnitude. These findings suggest that 

the mgl-gal operon may contribute to optimal RII+ function, potentially by supporting host 

physiological conditions favourable to phage replication. However, these effects remain correlative. 

Additional investigations could include targeted complementation of mglA and mglC knockouts, co-

immunoprecipitation or crosslinking assays to test for physical interactions with Rex components, and 

metabolic profiling to assess whether altered energy or sugar transport impacts Rex or RII activity.  
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It is not strictly necessary for these proteins to interact directly with Rex to influence exclusion; they 

may act indirectly by modulating membrane potential, transport systems, or metabolic fluxes critical 

for Rex activation. These experiments would clarify whether the observed effects reflect direct 

mechanistic roles or broader physiological dependencies. 

 Notably, deletion of galU precluded plating of T4 and T4rII alike in a Rex-independent manner. This 

finding aligns with earlier findings by Dharmalingam et al. (1982), who similarly reported that T4 

cannot replicate in galU mutants, although the underlying mechanism was unknown. Notably, T4rII 

plating on all Δmgl and Δgal mutants carrying the rex+ plasmids was similarly excluded, suggesting 

that while these operons may influence RII activity of T4, they are not essential for Rex-mediated 

exclusion.  

5.2.2  Assessing Rex Activity of Other Membrane Proteins that May 

Influence Rex Activity 

The investigation was extended to include other essential periplasmic and internal membrane proteins. 

Notably, knockouts of tolA, lamB, and to a marginal degree, lpp, tolR, and tolQ, enhanced T4 (rII+) 

plating specifically under rex+ conditions. This phenotype was not observed in rex¯ backgrounds, 

suggesting a functional connection between these genes and the RII system. Although Rolfe and 

Campbell (1977) previously noted that T4rII could plate on λrex+ lysogens harbouring a tolA, tolB, or 

tolP null mutation, these findings have not been widely reproduced. In this study, the full plating 

efficiency of T4rII was observed in the ΔtolA mutant but not in ΔtolB, even though both mutants were 

sourced from the Keio collection and confirmed by PCR. The discrepancy may reflect differences in 

the nature of the mutations (e.g., polar effects, secondary mutations, or strain background), or functional 

redundancy within the Tol-Pal system that compensates for tolB loss but not tolA. This result was 

confirmed using λrex+ lysogeny (wild-type rex+ expression level), where T4rII formed pinpoint plaques 

compared to wild-type T4.   
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The deletion of tolA imparted the abrogation of Rex activity, restoring nearly complete T4rII plating 

efficiency. In contrast, knockouts of tolQ, R, and B showed no significant effect, suggesting a more 

specific role for TolA in modulating Rex and/or RII activity. While the observation is compelling, it 

does not establish a direct mechanistic link. The Tol proteins are known to maintain cell membrane 

stability and integrity, as well as participate in outer membrane porin assembly and the synthesis of 

lipopolysaccharide (Lazzaroni et al., 1999; Lloubès et al., 2001). Tol forms a complex with the 

membrane-bound Pal lipoprotein (Tol-Pal complex) (Cascales et al., 2002). However, knocking out pal 

surprisingly did not affect Rex activity.  

Alongside Omps, Tol proteins are involved in the import and export of micro- and macromolecules. 

TolA has three domains that span the periplasm and extend to the outer membrane, bridging interactions 

between outer- and inner-membrane proteins (Levengood-Freyermuth et al., 1993; Derouiche et al., 

1996). The TolQRA operon, which includes tolA, is primarily transcribed under the control of the 

housekeeping sigma factor σD. The Rcs phosphorelay system can also affect its expression, as the RcsC 

sensor protein positively regulates TolQRA expression (Clavel et al., 1996). Additionally, the Rcs 

system indirectly promotes the translation of the general stress sigma factor σS via the small RNA RprA, 

thereby promoting the general stress response (Majdalani and Gottesman 2005; Bouillet et al., 2024). 

This regulatory pathway allows Rcs signaling to integrate envelope stress signals with global stress 

adaptation mediated by σS.  

TolA also indirectly regulates OmpF by increasing ompF expression through downregulation of ompC 

expression; as such, ompF expression is downregulated in tolA mutants (Lazzaroni et al., 1986; 

Derouiche et al., 1996). Deletion of tolA also reduces LamB levels, resulting in the onset of cell stress 

responses (Derouiche et al., 1996). These pleiotropic effects complicate interpretations, as the observed 

Rex attenuation may result from broader envelope instability rather than direct interaction. Mutations 

in tolA exhibit altered cell morphology, making bacterial cells highly leaky and sensitive to external 
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stresses, including infections; however, they also render them resistant to colicins (Meury and 

Devilliers 1999; Lloubès et al., 2001; Lazzaroni et al., 2002). Colicin entry into E. coli requires the 

TolQRA inner membrane complex and the periplasmic protein TolB, as well as outer membrane 

proteins such as OmpA, and pore-forming proteins OmpF and OmpC (Journet et al., 2001; Isnard et 

al., 1994; Zakharov et al., 2004). TolB plays a critical role in colicin uptake by interacting with colicin 

N-terminal domains and bridging the outer membrane lipoprotein Pal with TolA in the inner membrane 

(Isnard et al., 1994; Szczepaniak et al., 2020). Deletion of tolB abolishes colicin sensitivity, confirming 

its essential role in this process (Journet et al., 2001). Outer membrane porins such as OmpF and OmpC 

also contribute to colicin translocation by forming part of the translocon that threads colicin domains 

across the outer membrane (Francis et al., 2021; Zakharov et al., 2004). These findings highlight a 

strong mechanistic analogy between colicin import and Rex-mediated exclusion, as both systems 

involve enveloping-spanning complexes and membrane potential-driven processes, although the Rex 

mechanism remains less well understood (Parma et al., 1992; Beppu et al., 1975). Notably, the deletion 

of any of these demonstrated at least some increase in T4rII plating compared to the rex+ control. There 

appears to be a strong analogy between the colicin and Rex systems.  

While the Pal lipoprotein is crucial in maintaining cell wall organization and intramembrane 

connections, the Δpal mutant surprisingly did not exhibit any effect on Rex. Pal typically functions as 

part of the Tol-Pal complex, where the absence of Tol affects Pal's ability to maintain cell wall 

organization and intramembrane connections (Cascales et al., 2002). On the other hand, Lpp appears to 

have some influence on Rex. The Δlpp mutant showed a 104-fold increase in T4rII plating and a similar 

decrease in T4 plating, compared to the rex+ control in the rex+ context. This suggests that Lpp might 

play a role in maintaining conditions necessary for Rex-mediated exclusion. Lpp, a major pro-

lipoprotein, is the most abundant outer membrane lipoprotein in E. coli and anchors the outer membrane 

to the peptidoglycan layer, contributing to envelope stability (Bernadac et al., 1998). Loss of Lpp 
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disrupts this structural link, leading to periplasmic leakage and vesicle formation, resulting in 

phenotypes similar to those of tol-pal mutants. Such envelope perturbations could alter the proton 

motive force or membrane potential, both of which are critical for Re functions (Parma et al., 1992). 

Transcription of lpp, like other membrane proteins, is under the regulation of σE, emphasizing its role 

in stress responses. Additionally, Lpp interacts with the Tol-Pal system, which is involved in energy 

transduction across the envelope; its absence may impair Rex’s ability to sense or respond to phage 

infection signals. Therefore, the observed plating phenotype likely reflects a compromised Rex 

exclusion mechanism due to altered envelope integrity and energy coupling. Although Qi et al. (2015) 

reported rapid degradation of lpp transcripts during T4 infection, no effect was observed on T4 or T4rII 

plating in the absence of rex genes. In contrast, in a rex+ context, both T4 and T4rII phages plated at 

moderate efficiency, suggesting a possible role for Lpp in sustaining Rex activity rather than initiating 

it. While Lpp does not regulate Tol-Pal expression, tolA mutations decrease lpp expression (Cascales 

et al., 2000), implying a regulatory link. Lpp may serve as a structural intermediary between TolA and 

Omps, although direct interaction between TolA and OmpA remains unconfirmed. TolA indirectly 

interacts with a TolB-Pal-Lpp-OmpA complex, as well as the rest of the Omps (Lloubès et al., 2001).   

While knockout of lamB did not improve the plating efficiency of T4rII in a rex+ context, it significantly 

reduced the plating efficiency of T4 (rII+) by approximately 106-fold. This suggests that RII’s ability 

to circumvent Rex is impaired in the absence of lamB. LamB is primarily responsible for maltose uptake 

but also serves as a receptor for λ adsorption (Randall Hazelbauer and Schwartz 1973).  

It is a highly abundant protein and exhibits dynamic spatial localization throughout the outer membrane 

(Gibbs et al., 2004). Like OmpA, its expression is regulated by σE and by the small RNA MicA, along 

with other mal operon genes; lamB can also be upregulated by σS. Mutations in lamB are highly 

detrimental to the cell, causing severe defects in the inner membrane, disrupting the proton motive 

force, and unfolding Omps (Death et al., 1993). These physiological changes could indirectly impair 
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T4 growth, independent of Rex, by altering energy-dependent processes or receptor availability. 

Therefore, the observed phenotype may not solely reflect Rex activity but could also suggest a broader 

envelope stress effect.  

To verify Rex-specific involvement, comparison with rex¯ lysogen or plasmid-based Rex expression 

would be required. Alternatively, this phenotype could represent a “hyper-Rex” effect, where envelope 

perturbations amplify Rex-mediated exclusion. Interestingly, ΔlamB showed near-complete abrogation 

of both T4 (rII+) and T4rII plating in rex+ conditions, but regular plating in rex¯ backgrounds. This 

supports a model in which mutations that destabilize the membrane, particularly those that impair the 

proton motive force, place cells in a heightened Rex-sensitive state, referred to here as a” superRex” 

phenotype. In this state, cells exhibit Rex-mediated exclusion even in the absence of canonical RII 

triggers, suggesting that membrane stress alone may be sufficient to activate RexB toxicity. This 

suggests that LamB may interact with RII and/or Rex, although direct interactions remain unconfirmed.  

 

5.2.3 Assessing the Effect of Sigma Factors and Their Regulatory Elements 

Mutations on Rex Activity 

Given that σS regulates many Rex-involved membrane proteins, the role of sigma factors and their 

associated regulatory elements was next investigated. Knockout of rpoS completely abrogated T4 (rII+) 

and T4rII plating alike in a rex+ context, indicating that σS is essential for both Rex activity and RII-

mediated bypass. Additionally, knockouts of the stationary phase σS regulators that modulate σS (rpoS) 

expression, specifically ΔrssA, ΔrssB, and ΔiraD, partially restored T4rII plating, with increases of 

approximately 106-fold for ΔrssA, >104 for both ΔrssB and ΔiraD. These regulators typically promote 

RpoS degradation or limit its accumulation, so their deletion likely increases σS levels, thereby 

enhancing stress response pathways that counteract Rex-mediated exclusion. However, minimal to no 

effect on Rex activity was observed in the ΔiraM and ΔiraP mutants under high rex+ expression, 
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suggesting that not all RpoS modulators influence this phenotype equally. Each of these σS regulator 

mutants was also lysogenized with λcI857 (rex+) and assayed for Rex activity (Table 4-4). As expected 

under native rex gene expression, attenuation of Rex activity was more pronounced in ΔrssA, ΔrssB, 

and ΔiraD lysogens compared to the parent strain BW25113(λ) rex+ control, suggesting a gene dosage-

dependent effect. The strong dependence on σS raises the possibility that Rex activity is integrated with 

global stress signaling, and that a ‘super-Rex’ state — where elevated σS comparisons with rex-lysogens 

or plasmid-based Rex expression are necessary, as the observed phenotypes could also reflect broader 

envelope or energy-related defects rather than Rex alone. 

σS (RpoS) is a global stress response regulator essential for cell survival during the stationary phase, 

controlling the expression of over 10% of all E. coli genes (Weber et al., 2005). Entry into the stationary 

phase upon exposure to extrinsic or intrinsic stress initiates σE activation, which downregulates growth-

phase genes and upregulates stress response genes (Chen et al., 2004). During the growth phase, RpoS 

protein levels are maintained at low levels primarily through proteolysis by the ClpXP protease, which 

targets RpoS after it is delivered by the adaptor protein RssB (Schweder et al., 1996; Battesti et al., 

2015). Under stress conditions, anti-adaptor proteins IraD, IraM, and IraP stabilize the rpoS transcript 

by interacting with RssB, preventing RpoS degradation and allowing its accumulation (Bouillet et al., 

2024). Importantly, ClpXP is a protease that breaks down proteins, not RNA, and its role in RpoS 

regulation is post-translational, not at the mRNA level. σE activation during envelope stress occurs 

through proteolytic cascades involving DegS and RseP, which degrade the anti-sigma factor RseA, 

freeing σE to initiate transcription of stress response genes (Alba and Gross 2004). As a result, 

stimulating the σE response alters Omp stability, leading to changes in cell morphology. In a ΔrpoS 

context, the absence of rpoS transcripts may free ClpXP to enhance rpoE expression, thereby activating 

the σE pathway. This shift alters the stability of outer membrane proteins and cell morphology. 
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The ompF expression is primarily regulated by the EnvZ/OmpR two-component system in response to 

osmolarity. It is negatively regulated post-transcriptionally by the small RNA MicF, which inhibits 

ompF translation (Pratt and Silhavy 1996; Patten et al., 2004). Notably, the expression of ompF is 

elevated in rpoS mutants with no significant change in OmpC levels, indicating that σS indirectly 

represses ompF during the stationary phase, likely through global stress response pathways rather than 

direct MicF regulation (Pratt and Silhavy 1996; Patten et al., 2004). In this study, rpoS mutants 

exhibited complete exclusion of both T4 and T4rII in the presence of rex, which might be explained by 

the overexpression of σE-controlled TolA, LamB, and OmpF and their direct influence/interaction with 

Rex. Wild-type levels of plating by both T4 and T4rII alike were observed in the absence of rex. A 

similar hyper-Rex phenotype was also evident in ompA mutants, which may suggest the involvement 

of rpoS in “triggering” Rex.  

Given the strong influence of omp genes, tolA, and rpoS on Rex activity, it is plausible that the σE 

pathway may also be intimately connected to Rex regulation. σE is an essential factor that governs 

transcriptional activation of many downstream genes, including the periplasmic proteins and 

degradation factors. It has been implicated in a cell lysis pathway involving small RNAs MicA and 

RybB, which reduce the levels of Omps, leading to the eventual disintegration of the outer membrane 

(Murata et al., 2012). A similar pattern is observed when E. coli cells enter the stationary phase, where 

elevated σE activity leads to decreased expression of ompA, ompC, and ompW (Kabir et al., 2005). 

Interestingly, E. coli sigma factors σE and σS share homology with T4 gp-55, the T4 late sigma factor 

responsible for degrading the periplasmic peptidoglycan layer approximately 5 minutes post-infection 

(Kassavetis and Geiduschek 1984; Arisaka 2005). This timing closely aligns with the onset of Rex (7–

10 min), which suggests that σE may serve as a key regulatory node in the Rex exclusion mechanism.  
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5.2.4 Complementation of Deletion Mutants Restores the Rex Phenotype 

To validate the involvement of specific host genes in Rex activity, genetic complementation assays 

were performed on selected mutants from the Keio collection of single-gene knockouts that previously 

exhibited partial or complete attenuation of Rex function. The complementation test is a classical 

genetic approach to map gene function, identify gene interactions, and understand genetic pathways. 

Genetic complementation can be achieved by introducing the wild-type gene of interest in a plasmid, 

which is the defective gene of a mutant, into the same mutant, allowing for testing of the restoration of 

function or phenotype (Benzer 1955; Jacob and Monod 1961; Gravel 1982; Yook 2005).  

Each mutant was first lysogenized with λcI857 (rex+) and then transformed by a plasmid carrying the 

corresponding wild-type gene. Successful transformation was confirmed by tetracycline sensitivity and 

ampicillin resistance, indicating proper insertion of the complementing cassette into the pBR322 

backbone. In nearly all mutant lysogens lacking the complementing plasmid, T4rII plating was restored 

to levels comparable to the negative controls, indicating a loss of Rex activity. However, transformation 

with the appropriate complementing plasmid fully restored the Rex phenotype in each case, 

demonstrating that the deleted genes are indeed required for Rex function. This complementation not 

only reinstated T4rII exclusion but also restored wild-type T4 plating efficiency, further supporting the 

functional recovery of the host from the cellular effects imparted by the chromosomal gene deletion.  

Notably, ΔtolA mutants showed a complete loss of Rex activity when lysogenized by λcI857, allowing 

T4rII to form pinpoint plaques. In contrast, ΔrpoS mutants lysogenized by λcI857 showed no plating 

for either T4 or T4rII, but this defect was strictly Rex-dependent, as both phages plated normally in a 

rex- background. Upon complementation with plasmids expressing the respective wild-type genes, both 

mutants regained full Rex function, confirming the essential role of TolA and RpoS in the exclusion 

mechanism. The ΔrpoS mutant was especially notable: with rex+ genes present, the absence of rpoS 

entirely prevented T4 and T4rII plating, indicating that RpoS is essential not only for Rex activity but 
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also for maintaining the host's permissiveness to phage infection. This suggests a broader function for 

σS-regulated pathways, potentially involving membrane integrity, energy balance, or stress response 

regulation, which could all impact phage-host interactions and Rex activation.  

 

These findings collectively reinforce the conclusion that genes such as tolA, ompA, ompF, ompW, 

ompX, ompT, lpp, mglC, and rpoS strongly influence the Rex exclusion phenotype. Their roles appear 

to span structural, regulatory, and stress-response functions, many of which converge on envelope 

integrity and sigma factor-mediated transcriptional control. These genes play critical roles in 

maintaining cellular osmotic balance and are part of the stationary phase and/or membrane distress 

regulons.  

 

Figure 5-2 summarizes the Rex activity profiles of these key E. coli host factors, comparing T4 and 

T4rII phage infectivity across mutant and control strains.  
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Figure 5-2. Rex Activity Assay. Rex activity refers to the ability of rex genes, delivered via the pHA1 

plasmid (pUC19-based construct), to reduce phage plating in the presence or absence of RII function. 

Activity is quantified as the inverse of the relative EOP of the sample under rex+ conditions (with 

plasmid) compared to rex¯ conditions (empty plasmid). Maximal Rex activity is defined as complete 

attenuation of T4rII (rII¯) phage plating in E. coli BW25113 (wt) in the presence of the rex+ pHA1. 

Conversely, the absence of Rex activity is indicated by full plating of T4 (rII+) in the presence of the 

rex+ pHA1 in E. coli BW25113 (wt). 
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5.3 Development of a Visualization System of Rex Proteins Using 

Fluorescent Tagging 
The development of a fluorescent protein translational fusion system for Rex proteins would be 

beneficial for visualizing their cellular localization under different physiological conditions. The 

system was based on the pPL451 plasmid (Figure 3-3), a functional plasmid designed for the multicopy, 

temperature-inducible expression of genes via the λ PR promoter, which is regulated by the temperature-

sensitive CI857 repressor. Fluorescent reporters (GFP or RFP) were fused to rexA, rexB, or both, at 

either the N- or C-terminus, with or without the corresponding unfused gene (Table 3-1). Constructs 

included configurations such as rexA::egfp–rexB, rexB::egfp, and dual fusions like rexA::egfp–

rexB::rfp. This design allowed us to assess the impact of fusion orientation and co-expression on Rex 

activity. 

 

Regulatory behaviour of the system: the expression of the Rex fusion constructs is strictly temperature-

dependent due to CI857 encoded on both the plasmid and the λ prophage. At low temperatures (23- 30 

°C), CI857 remains active, repressing PR and reducing rex expression from the plasmid, while the 

prophage remains in a lysogenic state. At intermediate temperatures (35- 37 °C), CI857 begins to lose 

activity, resulting in partial derepression of PR and allowing strong rex fusion expression from the 

plasmid, while the prophage remains largely silent. This results in an asymmetric state where plasmid 

expression is high, but the prophage stays silent. At 42 °C, CI857 is entirely inactive, resulting in full 

derepression of PR and potentially triggering prophage induction. The most insightful regulatory 

behaviour occurs at 35–37 °C, where the balance between CI activity and promoter accessibility reveals 

the system’s dynamic regulation (Hoffmann et al., 1999; Valdez-Cruz et al., 2010; Ptashne 1986).  

 



 

  

 

164  

Experimental design and controls: Functionality was tested in E. coli BW25113 (wt) and its λcI857 

lysogen by T4/T4rII plating at 23 °C, 30 °C, 35 °C, and 37 °C, combined with fluorescence microscopy. 

The benefit of the “off state” conferred by the pPL451 conditional expression plasmid also allows us 

to examine the Rex proteins at various times after infection by either T4rII or T4 (wt). To evaluate the 

system and analyze Rex's function, several analytical methods were employed. T4rII plating was 

critical for quantitatively assessing Rex activity, while transformation efficiency and colony 

morphology ensured that the constructs were viable. Additionally, fluorescence microscopy provided 

visual evidence of protein expression and localization within the cell. 

Controls confirmed that GFP alone did not affect Rex activity: λcI857 lysogens carrying pPL451(egfp) 

retained complete exclusion, while wild-type cells did not. However, all fluorescently tagged constructs 

exhibited reduced Rex activity compared to the 100% rex+ control, with T4rII plating observed in every 

case. This suggests that fusion disrupts Rex protein stability or stoichiometry, both of which are crucial 

for exclusion. 

Impact of fusion orientation on Rex function: Indeed, certain N-terminal tags can hinder translation 

initiation or ribosome scanning, thereby reducing protein expression efficiency (Sørensen and 

Mortensen 2005). N-terminal fusions and modifications can also significantly impair protein stability 

and folding, leading to misfolded or aggregated proteins that are toxic to the host cell or cause metabolic 

stress, manifesting as slower-growing and smaller colonies (Sørensen and Mortensen 2005). While C-

terminal fusions are generally more tolerated, they can still interfere with protein folding and stability 

(D’Accolti et al., 2023). Additionally, promoter strength and plasmid copy number significantly 

influence how tag position affects protein expression levels (Shao et al., 2021).  

These considerations are critical for Rex proteins, where structural integrity and stoichiometric balance 

between RexA and RexB are essential for function. GFP (eGFP) is widely used for tagging due to its 

stability and robust fluorescence, but it exhibits weak dimerization under physiological conditions. 
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When fused to RexA, it may artificially stabilize interactions with RexB even at a 1:1 stoichiometry, 

potentially triggering inappropriate activation of the Rex system. In contrast, RFP variants, such as 

dsRed, are prone to tetramerization, which can dramatically alter the stoichiometry of the complexes. 

A RexB::dsRed fusion could therefore disrupt the finely tuned RexA:RexB ratio required for proper 

exclusion activity, as proposed by Parma et al. (1992). Such oligomerization effects may also influence 

membrane insertion and channel formation by RexB, further destabilizing the system. Moreover, the 

bulky nature of fluorescent proteins can sterically hinder critical interaction domains, particularly at the 

N-terminus of RexA, which is implicated in sensing and initiating activation, and at the N-terminal 

membrane-anchoring region of RexB. These disruptions, combined with tag-induced oligomerization, 

highlight the importance of carefully selecting the tag type, fusion orientation, and expression context 

when studying protein complexes like Rex, where stoichiometry and structural integrity are closely 

linked to function. Overall, these results highlight the phenotypic consistency of colony morphology 

across most constructs, emphasizing the importance of fusion orientation and expression context in 

synthetic biology applications.    

Initial tests in a rex¯ background (wild-type host) showed that none of the tagged constructs conferred 

the Rex phenotype, as T4rII efficiently plated across all constructs. This raised two possibilities: 1) the 

fusion partially or completely abolished RexA and RexB function, or 2) the fusion disrupted 

stoichiometry or stability rather than eliminating function entirely. To distinguish between these 

scenarios, the constructs were introduced into a rex+ context (λcI857 lysogen), which provides an 

additional copy of functional rex genes. If the tagged proteins retained partial functionality, they might 

complement or interfere with the native Rex system. This approach was critical for determining whether 

the loss of activity was absolute or due to altered stoichiometry. The Rex system requires precise 

interaction between RexA and RexB at defined ratios. Overexpression of RexA relative to RexB is 
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lethal, while RexB overexpression abrogates exclusion and allows superinfecting phage plating. These 

principles guided the interpretation of fusion effects. Two complementary strategies were used to assess 

the functions of RexA and RexB. First, the Rex activity assay by applying the T4rII plating efficiency 

to determine whether tagged RexB could still participate in exclusion when overexpressed and paired 

with native RexA. Second, the transformation efficiency readings in the rex+ context, where RexA 

functionality and activity can be assessed, are likely influenced by the overexpression of RexA relative 

to RexB, which would probably trigger the Rex phenotype and lead to cell death. Constructs 

overexpressing functional RexA were expected to yield very low transformation efficiency in the rex+ 

background.  

 In general, the fusion of GFP/RFP tags significantly affected the Rex phenotype by attenuating Rex 

activity either entirely or to some extent, compared to the 100% Rex activity control. Unfortunately, 

none of the designed fluorescently tagged constructs, especially those encoding both rex genes, 

demonstrated a complete Rex phenotype when plated against T4rII. N-terminal tagging of RexA was 

most disruptive, causing a nearly complete loss of activity (a 104-fold reduction), particularly at 25 

°C. This likely reflects the essential role of RexA’s N-terminus in sensing and initiating activation via 

interaction with RexB. In contrast, C-terminal tagging of RexA preserved partial function (a 10-fold 

reduction), suggesting that this region stabilizes the RexA-RexB complex but tolerates modification. 

RexB fusions were less sensitive overall, consistent with its structural flexibility and membrane 

anchoring role; C-terminal tagging was better tolerated than N-terminal tagging, aligning with previous 

findings (Parma et al., 1992).  

Dual C-terminal fusions (rexA::egfp-rexB::rfp) produced the most Rex activity with minimal T4rII 

plating across all temperatures, especially at 37 °C, where CI857 derepression maximizes plasmid 

expression without full prophage induction (Ptashne 1986). This configuration preserves RexA’s N-
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terminus and RexB’s N-terminal membrane anchor intact, maintaining essential interactions. In 

lysogenic strains, this temperature places the prophage near the threshold of induction, a state 

previously associated with a Rex¯ phenotype and elevated RexB expression (Parma et al., 1992). Under 

these conditions, even subtle disruptions in RexA-RexB stoichiometry, such as those caused by fusion 

orientation or tag-induced oligomerization, may significantly impact Rex system activity and 

downstream phenotypes. That could explain the behaviour of some fused constructs at this temperature, 

including the overexpression of RexB and the abrogation of Rex activity, which results in the Rex¯ 

phenotype. For instance, the egfp::rexA-rexB construct showed no Rex activity in rex¯ cells; partial 

activity was observed in rex+ cells, suggesting that N-terminal tagging inactivated RexA, while 

overexpressed RexB disrupted stoichiometry and abrogated exclusion. On the other hand, the 

rexA::egfp-rexB construct showed better Rex activity in rex+ cells, suggesting that C-terminal tagging 

of RexA allows limited function of Rex when paired with native Rex proteins, and as a result, better 

functional stoichiometry. RexB fusions exhibited some activity and inhibited T4rII plating, possibly 

due to partial RexB function or a stochiometric imbalance that triggered Rex-mediated cell death. 

Nevertheless, all tagging reduced activity to some degree, likely due to steric hindrance or altered 

oligomerization. 

These observations align with the known structural role: RexA’s N-terminus mediates sensing and 

initial interaction with RexB, while its C-terminus stabilizes the complex and interacts with CI. RexB, 

a multi-pass membrane protein, anchors via its N-terminus and utilizes its C-terminal cytoplasmic loop 

to interact with RexA, enabling membrane depolarization and cell death (Parma et al., 1992; Thomason, 

L. C. et al., 2021). Disruption of these domains by tagging likely impairs activation or stability of the 

complex. This may explain the nearly complete inhibition of the Rex phenotype when GFP was fused 
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to the N-terminal of RexA in almost all cases. These critical data would help us understand the effect 

of fluorescent proteins at different fusion sites for RexA and RexB. 

Transformation efficiency across constructs and temperatures: The transformation efficiency varied 

significantly across constructs and temperatures. At room temperature (23 °C), colonies required ~ 36 

h to become countable, and the lowest efficiencies were observed for constructs with direct fusions to 

Rex proteins, particularly dual fusions (e.g., egfp::rexA-rfp::rexB). This may suggest that fusion to 

either protein immediately impacts transformation efficiency. Reductions were more pronounced in 

wild-type hosts than in λcI857 lysogens, likely due to the physiological and molecular changes 

associated with lysogeny. The λ prophage represses lytic genes and reduces nuclease activity (e.g., 

RecBCD), enhancing plasmid stability and transformation efficiency (Lee H. et al., 2022; Catalão and 

Pimentel 2018; Oppenheim et al., 2005).  

At 30 °C and 35 °C, transformation efficiencies were generally similar to those at 23 °C, except for 

egfp::rexA-rexB construct, which exhibited an approximately 10,000-fold reduction in both wild-type 

and lysogenic cells. This severe drop likely reflects the inactivation of RexA due to N-terminal tagging, 

combined with the overexpression of RexB, creating a stoichiometric imbalance that destabilizes the 

Rex system. Another scenario is that the N-terminal fusion of RexA causes the overexpression of RexA 

relative to RexB; as a result, RexB could be knocked out, which would trigger Rex and lead to cell 

death. The surviving cells would be very few and could be Rex¯ colonies. This interpretation aligns 

with T4rII plating results, where these constructs showed almost complete abrogation of Rex activity, 

and Rex¯ would form plaques regardless of the rex+ genotype. Overexpression of RexB alone, or in 

excess relative to RexA, is known to disrupt membrane homeostasis and can be toxic, as RexB is a 

multi-pass inner membrane protein with ion channel-like properties (Parm et al., 1992: Shao and Black 

1996; Snyder and McWilliam 1989). Such overproduction can overload the Sec/YidC insertion 
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machinery, activate envelope stress response, and reduce cell viability, leading to very low 

transformation efficiency (Miroux and Walker 1996; Wagner et al., 2008).  

At 37 °C, the transformation efficiency decreased significantly (up to 10,000-fold) for both wild-type 

and lysogen cells. Several factors likely contribute. First, the inactivation of CI857 at this temperature 

derepresses the λPR promoter, leading to the strong overexpression of Rex fusions immediately after 

transformation. Second, in lysogens, prophage induction may occur, resulting in cell lysis (Jechlinger 

et al., 1999). Third, the overexpression of RexA relative to RexB can trigger the Rex system, resulting 

in membrane depolarization and ATP depletion, which is lethal to the cell and causes cell death (Parma 

et al., 1992; Thomason L. C. et al., 2021). These findings illustrate that low transformation efficiency 

is not solely a cloning artifact, but rather reflects the physiological burden of expressing toxic or 

membrane-associated proteins. This is well-documented for inner membrane proteins in E. coli, where 

high-level expression often causes growth arrest or cell death unless expression is tightly controlled 

(Miroux and Walker 1996; Wagner et al., 2008).  

In the context of Rex, the effect is amplified by the system’s sensitivity to stoichiometry: imbalances 

between RexA and RexB can either abrogate exclusion or trigger cell death, both of which reduce 

colony recovery and low transformation efficiency.  

Unexpectedly, some λcI857 lysogens harbouring ApR constructs grew on ampicillin-containing media 

but failed to grow on non-selective LB at 37 °C. This suggests that antibiotic pressure retained plasmids 

expressing toxic proteins (e.g., solo RexA or RexB), whereas non-selective conditions favoured 

plasmid loss or revealed toxicity. RexA and RexB behave analogously to a toxin-antitoxin-like system: 

when expressed independently, either protein can exert a toxic effect on the host cell (Parma et al., 

1992; García-Ruiz et al., 2000; Jurėnas et al., 2022). RexA may form incomplete signaling complexes, 

while RexB, functioning as a membrane ion channel, can disrupt the membrane potential and lead ion 
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leakage, as well as ATP depletion, membrane depolarization and cell death (Parma et al., 1992; Shao 

and Black 1996; Slavcev and Hayes 2004; Snyder and McWilliams, 1989; Jurėnas et al., 2022). 

 

Colony morphology and fusion orientation: Colony morphology varied with the construct and 

incubation temperatures. Colonies of E. coli BW25113 [pPL451], 100% rex+ control, and [pPL451-

egfp] displayed uniform wild-type morphology: round, shiny appearance and smooth surfaces. At 30 

°C, colonies from all strains closely resembled their respective controls in shape and size, regardless of 

the fusion site or type of protein expressed (Figure 4-8). At 37 °C, where the λcI repressor is largely 

derepressed and expression from the pL promoter is active, including RexA and RexB, residual 

repressor activity (~1%) persists (Ptashne 1986), meaning that expression is not fully maximal. 

Furthermore, high gene dosage from plasmid-based constructs further boosts expression levels, which 

may overstate the effect of Rex protein overexpression and lead to differences, especially in lysogenic 

strains. Control colonies remained small, regular, and smooth, traits that were highly consistent (96%-

98%) and served as reliable benchmarks for morphological stability. Wild-type (non-lysogenic) 

colonies grown at 37 °C exhibited no significant morphological deviations from the controls. Lysogenic 

colonies incubated at 37 °C appeared larger, flatter, wider, and duller than controls, except for some 

lysogens, which were small and resembled the wild-type colonies at 23 °C, possibly reflecting 

heterogeneous expression or differential tolerance to Rex protein toxicity (Figure 4-9).  

Fusion orientation strongly correlated with morphology. Colonies expressing dual C-terminal fusion 

(e.g., rexA::egfp-rexB::rfp) were larger, flatter, and more uniform (with 95% consistency), suggesting 

that this orientation is less disruptive to protein function. Colonies expressing egfp::rexA were small (~ 

1 mm), with a consistency of about 93%, but appeared shinier and stickier, suggesting altered 

extracellular interactions or due to eGFP’s weak dimerization stabilizing inappropriate RexA-RexB 

interactions (Figure 4-9 B1, Parma et al., 1992). eGFP is known to weakly dimerize, and when fused 
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to RexA, it may artificially stabilize interaction with RexB, even at a 1:1 stoichiometry, potentially 

triggering inappropriate activation of the Rex system (Parma et al., 1992). As a result, influences colony 

morphology. In contrast, rexA::egfp colonies were larger and flatter (~ 2 mm) with consistency similar 

to that of the controls (96%) (Figure 4-9 B2), suggesting that C-terminal tagging affects interaction 

domains differently, potentially hindering complex formation but reducing toxicity.  

The N-terminal fusion of GFP to RexB, in the absence of RexA, produced colonies (~ 2 mm), which 

are flatter with a matte appearance, lacking the shininess that is present in the control morphology 

(Figure 4-9 C1). This suggests impaired surface structuring or altered cellular envelope composition. 

The colony formed of cells carrying the rexB::egfp construct (C-terminal fusion) is larger than that with 

the N-terminal fusion, measuring approximately 2-3 mm. Despite this, it maintains a similar flat and 

dull surface texture and appearance, which indicates that the C-terminal fusion of GFP promotes growth 

while preserving the altered colony appearance (Figure 4-9 C2). The smaller size of the control colonies 

may suggest that the expression of functional RexA and RexB, particularly with C-terminal fusions, 

could enhance growth due to their involvement in phage exclusion or cell viability pathways.  

Across 200 colonies per construct, 10 of the 11 experimental groups showed relatively high internal 

consistency (92-96%), despite differences in average colony size (ranging from 1 mm to 4 mm). The 

most striking observation was the dual N-terminal fusion of both RexA and RexB, which exhibited the 

lowest phenotypic consistency at 87%, as confirmed by both quantitative analysis and visual inspection. 

Although this dual fusion conferred some stability, it also introduced morphological heterogeneity, 

possibly due to potential variability in protein expression, folding, localization, or interaction caused 

by the N-terminal tags. RexB, as a membrane-bound ion channel, relies on proper membrane insertion 

and interaction with RexA for activation (Parma et al., 1992). N-terminal fusion may interfere with 

signal peptides or membrane-targeting sequences, leading to mislocalization or dysfunctional channel 

activity. Similarly, RexA, which is likely a cytoplasmic sensor, may be hindered in its ability to activate 
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RexB when a bulky fluorescent tag obstructs its N-terminus. Fusions at the N-terminus have been noted 

to more frequently disrupt signal peptides, translational initiation, or protein folding and stability than 

C-terminal fusions, which generally tolerate fusion tags better. This can affect protein solubility and 

bacterial health (D’Accolti et al., 2023).  

Visualization of Rex fusion constructs by fluorescence microscopy: Building on phenotypic assays, 

fluorescence microscopy was employed to confirm the expression of GFP- and RFP-tagged Rex 

proteins and evaluate how fusion orientation influences expression and stability. 

Cells carrying rex::egfp/rfp constructs were grown at 25 °C and induced at 37 °C for 60-90 minutes 

(Ptashne 1986; Valdez-Cruz et al., 2010). The wild-type strain carrying the pPL451 plasmid served as 

a negative control for GFP imaging, showing no fluorescence (Figure 4-11 A1). In contrast, the 

pPL451-egfp plasmid was used as a 100% control for GFP imaging and showed sufficient fluorescence 

to discern individual cells to some extent, confirming plasmid functionality (Figure 4-11 A2). Images 

were acquired using a 60× oil immersion objective, including transmitted light with no GFP emission, 

GFP emission, and RFP emission. Although it provides high-resolution imaging and excellent light-

gathering capacity, it has limitations. It does not provide sufficient magnification to resolve the precise 

subcellular localization of fluorescently tagged proteins, especially in small bacteria like E. coli. For 

more comprehensive visualization, both at the cellular level and across a broader field of view, a total 

magnification of 400x or higher is often recommended (Swift and Colarusso 2022). This enables better 

contextual imaging of fluorescence distribution while maintaining sufficient resolution for qualitative 

analysis.  

The C-terminal GFP fusion to RexA or RexB displayed noticeably higher fluorescence than the N-

terminal fusions, consistent with T4rII plating data showing better Rex activity for C-terminal 
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constructs (Figure 4-11). For example, rexA::egfp produced bright GFP-positive aggregates (Figures 

4-11 B1 and C1), whereas egfp::rexA and egfp::rexB showed weak or undetectable fluorescence 

(Figures 4-11 B2 and C2). Constructs with C-terminal GFP fusion in co-expression contexts (e.g., rexA-

rexB::egfp) also exhibited noticeable fluorescence (Figures 4-11 D1 and E1), while N-terminal fusion 

lacked defined GFP-positive structures (Figures 4-11 D2 and E2). These findings suggest that C-

terminal tagging might preserve expression and folding better than N-terminal tagging. 

Dual-tagging experiments (e.g., rexA::egfp-rexB::rfp) revealed noticeable co-expression of GFP and 

RFP in most cells, with many puncta appearing yellow/orange, indicating co-localization (Figure 4-12 

F1). This pattern aligns with high Rex activity observed in plating assays. Differences in fluorescence 

intensity suggest variable expression of folding efficiency between RexA and rexB. RFP signal often 

appeared more uniform, supporting the idea that RexB tolerates tagging better than RexA. In contrast, 

N-terminally tagged constructs (e.g., egfp::rexA–rfp::rexB) exhibited minimal or no detectable GFP 

and dominant RFP fluorescence, with only a few cells showing dual fluorescence (Figure 4-12 F2), 

suggesting impaired RexA expression or stability. Mixed fusions (e.g., egfp::rexA–rexB::rfp) showed 

similar bias toward RFP expression (Figure 4-12 F3). These observations reinforce that N-terminal 

tagging of RexA significantly impairs expression and function, while C-terminal tagging supports 

better co-expression and likely preserves stoichiometry.  

Semi-quantitative fluorescence analysis suggested that fusion orientation has a strong influence on 

expression dynamics. C-terminal fusion, particularly rexA::egfp-rexB::rfp, demonstrated the highest 

expression and co-expression rates, whereas N-terminal fusions exhibited markedly reduced 

fluorescence. Mixed constructs showed imbalanced expression, dominated by RFP, underscoring the 

sensitivity of Rex proteins to tag position.  
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Mechanistically, these results highlight that RexA’s N-terminus is critical for activation and interaction 

with RexB, making it highly sensitive to tagging. RexB tolerates tagging better, especially at the C-

terminus, likely due to its structural flexibility. Tag-induced oligomerization further complicates 

stoichiometry: eGFP weakly dimerize, and dsRed (RFP) forms tetramers, potentially stabilizing 

inappropriate interactions or disrupting the RexA:RexB ratio (Parma et al., 1992). These findings 

underscore the importance of rational construct design in synthetic biology, where both expression 

efficiency and functional integrity are crucial.  

Fluorescence imaging and semi-quantitative analysis exhibited that C-terminal tagging is the most 

compatible strategy for Rex proteins, enabling robust expression and partial preservation of function. 

N-terminal tagging, particularly of RexA, should be avoided unless functional disruption is intended. 

Dual C-terminal tagging might offer the best balance between visualization and activity, providing a 

practical approach for future localization studies.  
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5.4 A Proposed Model for Rex and RII Suppression of Rex 
 

Based on the data derived in this work and combined with previous findings from Alattas MSc thesis 

(2015), A link between membrane proteins, sigma factors, and their regulators to the activation, 

manifestation, and exclusion mechanism is proposed (Figure 5-3). Additional puzzle pieces are 

uncovered herein to complement the initially proposed model in Alattas (2015). Overall, it is proposed 

that, in the absence of RII proteins, Rex-mediated abrogation of T4 replication is driven by the interplay 

between σS- and σE-governed regulons. 
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Figure 5-3. Model of T4 and T4rII Infection in a rex+ E. coli Cell (The Rex Mechanism). Upon 

infection, the host activates stress response pathways involving rpoE/rpoS, depending on the presence 

or absence of RII gene product. Rex system activation is hypothesized to be triggered via TolA, leading 

to a physiological shift toward a stationary-like phase as a defense mechanism. OM: outer membrane, 

IM: inner membrane; blue cylinders indicate membrane proteins; green ovals indicate regulatory 

proteins of rpoS expression; red ovals indicate regulatory proteins of rpoE expression; yellow boxes 

indicate either small RNAs or regulatory proteins involved in the expression of membrane proteins. 

Small circles next to a protein indicate a) their role in T4 infectivity (yellow), T4rII (blue), both (grey), 

or neither (X); b) postulated interaction with RexA and/or RexB: only in the presence of RII (T4) 

(yellow), only in the absence of RII (T4rII) (blue), regardless of RII presence (with either phage) (grey). 

Pointed arrowheads indicate stimulation or upregulation, while bars indicate inhibition or 

downregulation. 

 

 

 

 

T4 infection activates host stress responses: Upon infection, T4 first adsorbs to OmpC on the 

outer membrane and injects its DNA into the host cell, causing disturbances in periplasmic and 

cytoplasmic osmolarity (Arisaka 2005) and activating membrane sensors such as OmpX and TolA. A 

σE-mediated stress response is triggered in response to envelope stress (Dam et al., 2018). Membrane 

and osmotic stress also trigger σS activation and the induction of stationary-phase genes (Hengge-

Aronis et al., 1991, 1993). ClpXP typically degrades RpoS via RssB during growth, but under stress, 

anti-adaptors IraD, IraM, and IraP block this interaction, stabilizing RpoS (Schweder et al., 1996; 

Battesti et al., 2015; Gottesman 2019). During T4 infection, Rex may mimic stress conditions that 

elevate anti-adaptors IraD, IraM, and IraP, thereby outcompeting ClpXP and stabilizing active σS levels. 

Free ClpXP would then be available to elevate σE levels. Generally, in the absence of Rex, T4 infection 

would lead to cell lysis within 15 minutes (Bryan et al., 2016). Not surprisingly, phage infection is a 

significant stress trigger; overall, the initiation of T4 infection is expected to activate stress response 

pathways, leading to high expression levels of both σE and σS in the absence of Rex. This regulatory 

shift likely contributes to the stationary-phase-like state observed during Rex activation.
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As OmpA expression is directly linked to σE activation, depleted levels of OmpA in the cell may 

“prime” rex+ cells for exclusion. The potent inhibition of T4 and T4rII plating in ΔompA mutants is 

heavily Rex-dependent, as it was not seen in the rex¯ mutant. This suggests that OmpA may be a target 

for inactivation by Rex protein(s) and that RII proteins may competitively inhibit this inactivation. 

Alternatively, RII suppression of Rex relies upon its interaction with OmpA. Either way, the incomplete 

abrogation of T4 plating in a ΔompA context suggests that ompA is not the only host gene involved.  

 

Rex onset increases tol and rpoE expression but reduces rpoS expression: In a Rex+ 

environment, the onset of Rex is postulated to start with membrane-bound RexB binding with multiple 

RexA proteins (Parma et al., 1992). This enables RexB-mediated efflux of cations, resulting in further 

membrane destabilization and depolarization. Activated stress response pathways should replenish the 

depleted pools of outer membrane proteins (including OmpX, OmpW, OmpF, or Lpp) in response to 

T4 infection. Moreover, membrane instability also stimulates tol expression to maintain cell integrity. 

TolA would further stimulate σE activity, leading to increased expression of tol-pal, lamB, lpp, and 

ompA, thereby restoring membrane integrity. From this study, only the tolA mutant could completely 

abrogate Rex activity on its own. Thus, TolA must serve as one of the key controllers that maintain Rex 

activation and exclusion, due to its transmembrane position, which facilitates interaction with both 

RexA and RexB This hypothesis suggests that direct TolA interaction with Rex proteins would activate 

the formation of the RexB-RexA active complex. 

Based on their shared membrane-bound location, RexB could interact with RssB instead of σS, freeing 

σS from the RssAB-ClpXP complex. This would again free ClpXP to elevate σE levels and expression 

of the membrane stress regulon. Cytoplasmic RexA could also bind IraD, preventing its upregulation 

of σS. The activation of Rex is, therefore, believed to be associated with high σE levels, but growth-

phase levels of σS. 
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Rex manifestation is a stationary-like phase: After Rex-mediated efflux of cytoplasmic cations 

(K+ efflux), the cell must compensate by stimulating phosphatases and ompF to restore cell osmolarity. 

Given the observed modulation of Rex activity by both OmpA and OmpW, their regulator σE is 

expected to direct the harsh physiological cellular conditions associated with Rex via micA and/or rybB 

expression (Parma et al., 1992). Stress-induced upregulation of ompF would lead to heightened ompA 

expression and subsequent decreased ompC expression, which reduces T4 adsorption and 

superinfection. This could explain what has been previously observed upon activation of Rex: cells 

enter into a temporary growth arrest state, where they become resistant and protected against T4 

superinfection (Slavcev and Hayes 2003). Lpp must play an essential role in Rex exclusion, as 

previously noted, since disruption in Lpp expression significantly reduces Rex activity in T4rII (Figure 

4-5). This module postulates that the membrane-bound RexAB complex is maintained through Lpp, a 

structural membrane protein, whose own expression is regulated by σE.  

This stationary-like phase resembles σE-dependent cell lysis during the early stationary phase, where 

only about 10% of the cell population survives. Prolonged Rex activity eventually starves the cells of 

necessary nutrients and can eventually lead to cell lysis. This cell lysis could also be explained by the 

most recent knowledge about the function of RexA, as a molecular switch that transitions from the 

lysogenic to the lytic cycle through interaction with CI to induce the lytic cycle (Thomason et al., 2021). 

RexA appears to be crucial in this story; it detects abnormal DNA, such as T4rII, and activates RexB, 

which induces membrane stress through the efflux of ions. At the same time, it binds to the CI repressor 

to activate lytic promoters while σE triggers the stress response due to envelope depolarization caused 

by RexB. The activation of Rex would promote σE cell lysis, and vice versa, whereby σE activation 

might support Rex in maintaining its activity; all of this is initiated and sustained by RexA. From 

previous (Slavcev and Hayes 2002) and this study results, Rex protects its host against T4 cell lysis for 

days, after which the harsh ionic environment could stop Rex, allowing T4 replication to resume and 
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kill the host cell. Any interruption of the Rex system will also disrupt the delicately maintained balance 

between σE and σS, also leading to σE-mediated death. This model postulates that as long as the balance 

between σE and σS is kept, some surviving Rex cells would eventually escape T4rII infection. 

 

RII attenuates Rex exclusion: RII localizes to the inner membrane of the host and is expressed 

early during T4 infection, approximately 10 minutes following superinfection (Takacs and Rosenbusch 

1975; Mosig et al., 1984), where RexB is also localized (Parma et al., 1992). While the precise timing 

and mechanism of RII localization remain unclear, its early expression suggests a role in counteracting 

Rex activation or the interaction of RssB and RssA with σS, thereby preventing the binding of anti-

adaptors to RpoS and σS degradation. This study found that both T4 and T4rII fail to plate on rex+ 

ΔrpoS mutants (Table 4-3, Figure 4-5), suggesting that RpoS-dependent pathways influence the Rex 

phenotype; somehow, RII interactions with σS might be necessary for T4 infection. In the absence of 

RII, the combination of RexA and RexB activity may stabilize σS levels, thereby leading to the 

exclusion phenotype. Conversely, if RII is present, it could bind σS to activate it similarly to IraD, 

leading to elevated σS pathways. As such, σS-RII interactions would be required to interrupt the onset 

of the Rex-mediated protective phase. Similarly, LamB, a σE-controlled porin localized in the outer 

membrane, was also implicated in Rex function in this study’s results. RII may require both proteins to 

inactivate Rex successfully. LamB is under the control of σE, thus representing a vital link between RII, 

σE, σS, and Rex.  

In conclusion, bacterial cells are highly capable of quickly perceiving and adapting to environmental 

changes and stresses, enabling them to survive. The Rex exclusion mechanism is a powerful example 

of such a protective mechanism against superinfecting T4 mutants. These observations support a model 

in which Rex activation and T4 counter-defence involve complex interactions with host stress regulons, 

but the exact molecular connections remain to be elucidated. 
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It is now believed that new pieces of the longstanding Rex puzzle have been assembled: namely, that 

Rex exclusion is driven by the balance of activated σE to σS pathways. Impairment of key players in 

either pathway attenuates Rex's ability to exclude T4rII plating. A number of these players are 

membrane proteins, which is not that surprising given the plethora of structurally observable 

characteristics associated with the onset of the Rex phenotype. Disruptions in cell membrane 

permeability have been previously shown to render cells more sensitive to superinfecting T4. 

Understanding the individual functions of these factors and clarifying their exact interactions may help 

to solve the Rex puzzle. Comprehending Rex can ultimately provide key clues and strategies for 

developing eukaryotic exclusion systems and control mechanisms. 
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Chapter 6  

 

Conclusion and Future Directions 
 

6.1 Conclusion 
Despite Rex’s historic role in advancing our understanding of modern molecular genetics, the 

mechanism governing the bacteriophage T4rII exclusion (Rex) phenotype has remained unresolved 

for about 70 years. The Rex phenotype is recognized as a sophisticated and multifactorial antiviral 

defense strategy in E. coli lysogens that selectively targets and prevents the replication of T4rII mutant 

phages. The identification of host genes that influence Rex activity has long been pursued to better 

understand the exclusionary mechanism. In this work, E. coli mutations were identified through both a 

“top-down” mutagenic approach and a “bottom-up” screening of candidate genes for the influence of 

Rex activity. A single-step insertional mutagenesis system was constructed to generate and screen E. 

coli that are genotypically rex+ and yet phenotypically compromised for exclusion activity. Applying 

this one-step genetic selection and screening system, one gene of interest, mglC, was identified. The 

gene encodes a 336-amino-acid hydrophobic protein that, when deleted, was observed to attenuate Rex 

activity by more than a hundredfold. Further investigations revealed that, beyond classical membrane 

proteins, a broader regulatory network is involved in modulating Rex-mediated exclusion. This includes 

structural and transport proteins such as TolA and MglC, along with regulatory elements associated 

with the general stress response, most notably the alternative sigma factor RpoS (σS). Other interesting 

candidates were examined and found to exhibit varying degrees of influence on Rex activity. Tol 

proteins, sigma factors, and their regulators may be implicated in triggering some of the physiological 

manifestations of Rex or may serve as sites of competition and interaction with RII. For the first time, 
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the significant impact of TolA, RssA, RssB, and IraD on Rex was demonstrated, with the deletion of 

their genes resulting in the complete abrogation of Rex activity.  

To complement this genetic work, fluorescent tagging experiments were conducted using GFP and RFP 

fusions at both the N- and C-termini of RexA and RexB. These studies revealed that fusion orientation 

and co-expression may significantly impact Rex activity, with N-terminal fusions generally disrupting 

the function and stability of Rex proteins. In contrast, C-terminal fusions may retain partial activity. 

This suggests that the proper folding, localization, and complex formation of the Rex proteins are 

crucial for exclusion function. The free N-terminal of RexA and the C-terminal of RexB might be 

necessary for maintaining the stoichiometry and stability of Rex activity and exclusion. It is therefore 

concluded that fusing the C-terminal of both RexA and RexB proteins could represent the optimal 

strategy for implementing terminal tagging in future studies.   

Collectively, these findings substantially refine the understanding of the Rex exclusion mechanism, 

illustrating it as an integrated, multilayered system influenced by gene expression dynamics, membrane 

composition, stress signalling pathways, and RNA-based regulation. The Rex system is exemplified as 

a form of programmed cellular responses that balances self-destruction with population-level protection 

and prophage maintenance. Its study offers valuable insights into bacteriophage-host coevolution, 

innate bacterial immunity, and the molecular principles behind superinfection exclusion and controlled 

cell death in prokaryotic organisms. 
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6.2 Future Directions  
Many proteins identified as essential influencers of the Rex phenotype — including the Rex proteins 

themselves and RII proteins — are well characterized; however, several key areas remain insufficiently 

understood. This could be due to several factors that hinder progress in their studies. The structural 

complexity of these proteins poses significant challenges, particularly because many are embedded 

within the lipid bilayer, complicating their isolation and analysis using conventional biochemical and 

structural methods. Furthermore, these proteins fulfill a vast multitude of functions that may be 

involved in a wide range of cellular processes, including, but not limited to, maintaining cell structure, 

nutrient transport, signalling, phage defence, and more. All these factors contribute to the complexity 

of understanding their role in the cell and characterizing them. Some of these portions possess a 

hydrophobic nature, making it more difficult to extract, purify, and stabilize them without causing 

aggregation or loss of functionality during the process. Additionally, some proteins operate as part of 

multi-component complexes; to study one, it is necessary to examine the others to grasp the overall 

function or process.  

While researchers continue to develop innovative techniques and approaches to better understand the 

bacterial and phage proteins, several new hypotheses and lines of inquiry have emerged from the results 

compiled in the preceding chapters. These questions can form the basis for new research directions, 

which will further advance the understanding of a powerful exclusion system and its potential 

application as an advanced nature-derived biotechnological tool.  
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1. Functional fluorescence tagging and localization  

 

Since the discovery of the  T4rII exclusion phenotype, researchers have invested considerable effort 

in analyzing this powerful exclusion mechanism and identifying the leading players behind this 

phenomenon. However, the topology of Rex proteins within the cell remains unclear, particularly for 

RexA. While its properties suggest a cytoplasmic localization, RexB is situated in the inner membrane. 

Determining the precise localization of RexA is critical for understanding its interactions with RexB 

and other host proteins. Further studies should explore the role of the free N-terminus of RexA and the 

C-terminus of RexB in complex formation and activation. Fluorescent protein tagging remains a 

valuable approach for visualizing these proteins in vivo. However, findings from this study indicate 

that fusion orientation can significantly influence Rex function, with C-terminal fusion preserving 

activity more effectively than N-terminal fusions. The analysis of Rex-GFP constructs revealed that 

fusion site selection could inhibit the activity of the Rex proteins and impact their ability to inhibit T4rII 

plating. Nevertheless, C-terminal fusions were found to maintain Rex stability and functionality, 

making them suitable for live-cell imaging and visualizing the Rex protein interactions and locations 

before and after infection with T4 and T4rII.  

To enhance visualization and detect low-abundance proteins, future work could incorporate GFP-

specific antibodies in immunofluorescence assays. This would amplify the signal and improve detection 

sensitivity, especially in cases where direct fluorescence is weak or inconsistent. Additionally, 

quantification studies using flow cytometry or plate readers could further assess expression levels under 

varying conditions, correlating protein abundance with cellular outcomes, such as stress or cell death. 

Also, testing alternative fluorescent tags, such as mNeonGreen and mCherry, could enhance signal 

strength or compatibility with Rex proteins without compromising their stability and function. Another 

effective technique that may help subcellularly localize Rex proteins is the use of membrane markers 
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in combination with biochemical fractionation, which can distinguish membrane-associated from 

cytoplasmic pools (Xie, S. et al., 2020). Membrane markers are specific proteins or molecules that are 

known to reside in particular membrane locations, serving as a reference point to localize the protein 

of interest. This technique is commonly used in immunofluorescence microscopy or Western blotting 

following fractionation. Biochemical fractionation entails breaking open cells and separating organelles 

based on size, density, or other properties by using either differential centrifugation or density gradient 

centrifugation. Subsequently, each separated fraction would be analyzed for the presence of the protein 

of interest by using either Western blotting, enzyme assays, or mass spectrometry. By co-analyzing 

with known markers for specific compartments, like membrane-bound proteins like TolA (Germon et 

al., 2001), it would be possible to pinpoint where Rex proteins are enriched, offering insights into their 

functional roles, especially in processes like membrane depolarization or stress responses.  

Additionally, immunohistochemistry using antibodies against the fluorescent tags (e.g., anti-GFP or 

anti-RFP) can provide more definitive localization data and allow evaluating synthesis/stability of 

proteins, especially when fluorescence signals are weak or ambiguous (Del Valle 2022). This technique 

would enable the amplification of the signal and the more precise detection of tagged proteins within 

the cell. It also addresses a current limitation in the study, where fluorescence was visualized but not 

confirmed by antibody staining. Furthermore, employing higher total magnification (e.g., 400x or 

higher) during imaging would improve spatial resolution and enable more accurate assessment of 

protein distribution across the cell population and within individual cells (Swift and Colarusso 2022).  
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 2. Isolation and identification of Rex- and RII-mediated protein-protein interactors (see 

Appendix D for plasmid figures and protocol) 

The identification of protein interactions between RexA and RexB, RexA/B and RII, as well as other 

host proteins, provides invaluable information on the molecular basis of the exclusion mechanism. 

Building on the success of the approaches developed in this thesis, from the insertional mutagenesis 

strategy to the overexpression of rexA-rexB in single-gene mutants, which effectively identified key 

genes that may be involved in Rex-mediated activity, future work should focus on dissecting these 

molecular interactions in greater detail. The Tandem Affinity Purification (TAP tagging) system is one 

of the best techniques to isolate and purify functional gene product(s)/protein(s) complexes from 

bacterial cells since the tag addition, to some extent, does not affect the tagged protein function, 

membrane protein folding, or interfere with the molecular interaction processes and analysis (Viala and 

Bouveret, 2017). The TAP tag consists of two IgG binding domains of Staphylococcus aureus protein 

A (ProtA) and a calmodulin binding peptide (CBP), separated by a TEV protease cleavage site (Figure 

Appendix D-1). ProtA binds tightly to an IgG matrix, and TEV protease is required to elute material 

under standard conditions. Both the N- and C-termini of the TAP tag can be used to fuse the target 

protein with high affinity and recover it upon purification. Proteins that co-purify with the tagged 

protein can be identified by mass spectrometry (Appendix D-2 and 3).  

Applying TAP tagging to Rex and RII proteins, as well as other membrane-associated components, 

could provide critical insights into their interaction networks. The system involves the fusion of a TAP 

tag to the protein of interest, such as RexA, RexB, or RII protein, for instance. The tagged protein can 

then be introduced to act as a bait to “fish” for its partner protein(s) in the host cell. Tap-tagging Rex 

vectors have been constructed (Figures Appendix D-1 and D-2) and verified against T4 and T4rII 

plating. C-terminal fusion of the Tap tag cassette did not interfere with Rex activity, and the constructs 
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showed complete exclusion of T4rII on plates, similar to a rex+ control. The TAP sequence was fused 

to the C-terminus of rexA and rexB in single and co-expression rex contexts, where only one rex gene 

carried the tag at a time. Thus, both proteins can be expressed, but only one serves as the “bait” at any 

given time. The expression of each and any fusion protein should be maintained at its wild-type level 

to avoid any interaction with any stressors or non-associated partners (Swaffield et al., 1996; Puig et 

al., 2001).  

However, certain limitations must be addressed. RexB is predicted to be a membrane-bound protein 

and likely requires specialized fractional processing; its isolated soluble form may not form the natural 

interactions otherwise seen in the wild-type environment. To compensate for these potential limitations, 

TAP should also be applied to T4rII- and T4-infected cells, “triggered” for Rex, potentially permitting 

the capture of altered protein interactions resulting from Rex activation as well as the capture of any 

potential Rex-RII interactions. To further enhance the detection of native or transient interactions, a 

cross-linking strategy should be employed in tandem. This technique covalently stabilizes protein 

complexes in vivo before cell lysis, helping preserve weak or membrane-associated interactions that 

might otherwise be lost during purification (Tang and Bruce 2009).  

Furthermore, the TAP tagging protocol was initially designed for studying yeast proteins; therefore, it 

requires significant optimization for application to bacterial and phage proteins. These include 

differences in protein expression machinery, codon usage, and the presence of membrane-bound or 

periplasmic proteins, which are more common in bacterial systems. Additionally, the harsh conditions 

often required to lyse bacterial cells can disrupt delicate protein-protein interactions, and the presence 

of bacterial proteases may degrade tagged proteins. Therefore, adopting TAP tagging for bacterial and 

phage proteins involves careful consideration of tag placement, expression conditions, and purification 

protocols to preserve native interactions and protein integrity (Loughran and Walls 2016).  
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3. Examine the parallels or analogues between Rex and components of other bacterial and 

mammalian viral exclusion systems 

The Rex exclusion system in E. coli, characterized initially in bacteriophage λ, shares conceptual and 

functional parallels with several other bacterial and even mammalian viral defence systems. One 

notable example is the BREX (Bacteriophage Exclusion) system, which is a fascinating example of a 

similar exclusion system to Rex. BREX confers non-CRISPR-based phage resistance, where DNA 

modification and restriction-like mechanisms impede phage replication. Unlike CRISPR or restriction-

modification systems, BREX can identify bacterial DNA by adding methyl groups to distinguish it 

from phage DNA. This process is powered by the encoded enzyme BrxX, which utilizes S-

adenosylmethionine (SAM) as a cofactor (Li et al., 2024; Went et al., 2024). This system parallels Rex 

in its ability to discriminate between self and non-self genetic elements. Rex can specifically distinguish 

λ DNA from T4 DNA and exclusively target the superinfecting phage, thereby preventing replication 

of the invading phage. These systems, though mechanistically distinct, reflect and exemplify a 

sophisticated level of host defense strategies that operate across diverse bacterial species (Li et al., 

2024; Went et al., 2024).  

The Rex-like exclusion systems, PREX, are currently under investigation for their potential applications 

to enhance phage therapy and industrial microbiology. These systems could inform phage design for 

therapeutic purposes and to prevent phage contamination in fermentation processes through engineered 

bacterial resistance (Usman et al., 2023). RexA and RexB are believed to act as colicins and anti-

colicins due to their similar responses to external stress, i.e. the manifestation of membrane 

depolarization leading to cell death. Specifically, RexB causes membrane depolarization in E. coli, 

potentially leading to host cell death to prevent infection by superinfecting phage; colicin E1 and K 

(the bacteriocin-toxic proteins) are produced by cells to kill closely related strains (de Zamaroczy and 

Chauleau 2011; Wong et al., 2021). The mechanism of action of both RexB and colicin E1 and K is 
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highly similar: membrane dysfunction, loss of ATP, and ion leakage. Both strategies highlight how 

phage defence and bacterial warfare can converge on similar molecular tactics.   

Future applications of such exclusion systems could lead to novel anti-viral strategies, including both 

therapeutic and prophylactic approaches. For example, Rex could be used as a biosensor to detect 

phages or induce membrane stress, assisting the body in eliminating the phage without causing 

infection. The system can be programmed for cell death or phage resistance using engineered synthetic 

Rex systems in industrial strains.  

Furthermore, to ensure biosafety, kill-switches or anti-toxin modules could be integrated to prevent 

unintended activation of the system in the absence of specific triggers. For example, synthetic kill-

switches have been engineered to induce cell death in response to specific environmental cues or the 

absence of a tightly regulated inducer, ensuring contaminant control and biosafety. Similar to the use 

of a toxin-antitoxin module, where the antitoxin is only produced under controlled conditions, removal 

of the inducer results in toxin buildup and cell death. (Zhang et al., 2025).  

Additionally, quorum sensing (QS) can be used to restrict activation to high-density cultures or specific 

growth phases, ensuring that the system is only triggered under appropriate physiological conditions 

(Naga and Shaaban 2023). In QS-based systems, bacteria produce and detect signaling molecules called 

autoinducers. When a threshold concentration is reached, signalling a high cell density, QS-regulated 

promoters can activate the expression of the desired system. This ensures the system is only active 

when the bacterial population is sufficiently large, reducing the risk of premature or leaky expression 

(Naga et al., 2024).  

More research is needed on phage and bacterial defence strategies, which will be essential for 

translating these exclusion mechanisms in prokaryotic and eukaryotic systems into practical 

applications for infection prevention and treatment.  
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4. Evolutionary context of RexA and RexB in Anti-Phage defense systems 

The Rex system, initially described in bacteriophage , represents one of the earliest known abortive 

infection (Abi) systems, functioning as a defense mechanism against superinfecting phages such as 

T4rII. Recent structural and functional studies have provided new insights into RexA and RexB, 

revealing that RexA is a non-specific DNA-binding protein capable of influencing the bistable switch, 

while RexB is a membrane-anchored ion channel that mediates membrane depolarization upon 

activation (Adams et al., 2024; NCBI CDD, 2023).  

Modern comparative analyses suggest that Rex-like systems are not unique to  but are present in other 

temperate phages, indicating a broader evolutionary distribution (Adams et al., 2024). RexA homologs 

occur in multiple temperate phages, and these homologs dimerize and bind DNA. For instance, 

homology to the recombination regulator RdgC, which undergoes a DNA-dependent conformational 

change (Adams et al., 2024). RexB belongs to a conserved family of inner-membrane ion channels 

associated with Abi systems, which are widespread among bacteria and prophages (NCBI CDD, 2023). 

More broadly, several studies now show that prophages are hotspots for anti-phage systems, regulatory 

encoding Abi-like, membrane-disrupting, or replication-blocking defenses with built-in self-immunity 

to avoid harming the resident prophage. This will place Rex squarely in an extensive, mobile defensive 

repertoire maintained by temperate phages (Owen et al., 2021; Rousset et al., 2022). However, the co-

occurrence of RexA and RexB as a functional pair appears to be a hallmark of lambdoid phages, 

suggesting that their evolution may have been driven by selective pressures to protect lysogens from 

competing phages.  Future genomic surveys are necessary to determine whether RexA and RexB always 

co-occur and to what extent they are encoded in bacterial chromosomes versus prophage genomes. For 

instance, a genome-miming analysis of rexA/rexB synteny across Enterobacteriaceae and related 

lambdoid should quantify co-occurrence (is RexA always paired with RexB?) and genomic context 



 

  

 

192  

(strictly prophage vs. host-encoded islands), leveraging the PF15968/PF15969 domain definitions as 

HMM seeds (NCBI CDD: RexB superfamily and RexA family annotations; Wang et al., 2023). 

The “superRex” phenotypes observed in some mutants in this study may reflect an evolutionary 

trajectory in which Rex originally evolved to block a broader range of phages, including T4 and others, 

before the emergence of phage-encoded countermeasures such as RII. This dynamic exemplifies the 

Red Queen hypothesis, where bacteria and phages engage in a continuous arms race, each evolving 

new strategies to overcome the other’s defenses (Hampton et al., 2020; Brockhurst et al., 2014). Similar 

evolutionary conflicts have been documented for CRISPR-Cas systems, BREX, and other anti-phage 

mechanisms, reinforcing the notion that Rex is part of a larger network of bacterial immunity systems 

shaped by intense selective pressure. Critically, many prophage-encoded defenses carry self-immunity 

circuits to prevent auto-toxicity upon induction, a logic highly relevant to Rex regulation in  lysogens 

and mirrored in other systems (e.g., Tha, BstA). These systems can trigger host cell death upon phage 

infection while incorporating a built-in self-immunity mechanism to prevent accidental activation 

during lysogeny (Owen et al., 2021; Rousset et al., 2022; Rostøl et al., 2024). 

The dual role of Rex, as a prophage-encoded defense system that also safeguards the lysogen, adds an 

intriguing twist to this evolutionary narrative. Unlike many bacterial defense systems that primarily 

serve the host, Rex benefits both the prophage and the host by preventing superinfection and 

maintaining lysogeny. This cooperative advantage may explain the persistence of Rex-like systems in 

temperate phages. Future research should explore whether similar prophage-encoded systems exist in 

other bacterial lineages and whether Rex-like proteins have been co-opted into host genomes as part of 

integrated defense strategies. 
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Appendix A 
 

Solutions and Buffers 
 
Unless otherwise stated, all media and buffers were prepared following the recipes in this chapter. All 

E. coli strains were cultured in Luria–Bertani (LB) liquid medium, while plaque assays were made on 

top agar. Phage lysates were isolated and preserved in Tris-NaCl (TN) buffer. 

 

Table 0-1. Solutions and Buffers 

Solutions and Buffers Purpose Recipe and Preparation 

 

 

Growth Media 

  

Luria Bertani (LB) Broth 

(BD Difco, Mississauga, 

Canada) 

A rich nutrient media 

for optimum growth of 

bacterial cultures 

10 g of tryptone, 5 g of yeast abstract, and 5 g 

of NaCl were added to 1L of ddH2O.  

Antibiotic was added (as needed) after LB 

Broth was autoclaved and allowed to cool for 

1 h. Broth with antibiotic was stored at 4 oC, 

or otherwise stored at RT. 

Luria Bertani (LB) Agar 

(BD Difco, Mississauga, 

Canada) 

A rich semi-solid 

media for optimum 

growth of bacterial 

cells on semi-solid 

media (plates) 

10 g of tryptone, 5 g of yeast abstract, 5 g of 

NaCl, and 12.5 g of Bacto agar were added to 

1L of ddH2O. 

Antibiotic was added (as needed) after LB 

Agar was autoclaved and allowed to cool for 1 

h. Media was poured into sterile mono-plates 

(Fischer Brand, Ottawa, Canada) at a volume 

of approximately 35 mL per plate. The media 



 

  

 

231  

was allowed to solidify at RT for 

approximately 2 h stored at 4 oC. 

Luria Bertani (LB) Top 

Agar (BD Difco, 

Mississauga, Canada) 

A rich media to 

suspend bacterial 

cultures and phages 

and give a good 

dispersion of cells as a 

plate overlay 

10 g of tryptone, 5 g of yeast abstract, 5 g of 

NaCl, and 7 g of Bacto agar were added to 1L 

of ddH2O. 

50 mL aliquots were prepared, autoclaved and 

stored in a 55 oC water bath.  

Super Optimum Broth 

with Catabolic repression 

(SOC) (BD Difco, 

Mississauga, Canada) 

A rich media to 

recover cells after 

electroporation 

10 g of tryptone, 5 g of yeast abstract, and 5 g 

of NaCl were added to 1L of ddH2O in 

addition to 1M MgCl2 and 1M glucose.  

 

SOC media was then autoclaved and stored at 

RT. 

2X Yeast Extract 

Tryptone (2xYT)  

A rich media for 

bacterial growth 

16 g of yeast extract, 10 g of tryptone, and 10 

g of NaCl were added to 1L of ddH2O.  

 

2xYT was then autoclaved and stored at RT. 

 

Antibiotic stocks 

 

  

Ampicillin stock (Ap) 

(Sigma Aldrich, Oakville, 

Canada) 

 

Ap was used to select 

for cells transformed 

by plasmids: pUC19, 

pBSL180, pBSL199, 

pPL451, pBS1947, 

pHA1, and pHA2 

Small aliquots of stock ampicillin were 

prepared at a final concentration of 50 µg/mL. 

Ampicillin stock powder was dissolved into 

sterile ddH2O and filter sterilized. Ampicillin 

stock was stored at -20 oC and thawed solution 

was added to media to a final concentration of 

100 µg/mL.   
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Kanamycin stock (Km) 

(Sigma Aldrich, Oakville, 

Canada) 

 

Km was employed as 

a second antibiotic to 

screen for ΔclpP and 

Δomp and Keio 

collection mutant 

strains.  

Small aliquots of kanamycin stock solution 

were prepared at a final concentration of 25 

μg/mL by dissolving kanamycin stock powder 

into sterile ddH2O and filter satirizing. The 

stock was stored at -20 oC and thawed solution 

was added as necessary to media at a final 

concentration of 50 μg/mL.   

Tetracycline stock (Tc) 

(Sigma Aldrich, Oakville 

Canada) 

 

 

 

 

 

 

 

 

 

Tetracycline was 

employed as a second 

antibiotic marker to 

screen for pHA2 

plasmid, in tandem 

with kanamycin 

antibiotic to screen for 

Rex‾ mutants.  

Small aliquots of tetracycline stock solution 

were prepared at a final concentration of 20 

μg/mL by dissolving tetracycline stock 

powder into 1:1 50% of sterile ddH2O and 

50% of 95% ethanol. Tetracycline stock was 

stored in foil wrap to protect from light 

degradation at -20 oC, and thawed solution 

was added to media as necessary at a final 

concentration of 20 μg/mL.  

Note: all unused stock, plates, or broth 

containing tetracycline was protected from 

light degradation while stored. 

 

Buffers 

 

  

Tris NaCl (TN) Buffer 

(Fisher Bioreagents, 

Ottawa, Canada) 

Used to make serial 

phage dilutions and to 

store phage 

0.1 M NaCl and 0.02 M of Tris-HCl were 

added to 1 L of ddH2O and adjusted to a pH of 

7.8. The solution was autoclaved and cooled 

to RT for storage. 

50X Tris-Acetate-EDTA 

(TAE) Buffer (Fisher 

Bioreagents, Ottawa, 

Canada) 

To separate DNA 

fragments (bands) 

based on their sizes 

when running samples 

50X TAE buffer consists of 242 g Tris Base 

(MW = 121.1 g/mol), 57.1 mL glacial acetic 

acid, and 100 mL of 0.5 M EDTA per 1 L. 
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through gel 

electrophoresis  

50X TAE solution was diluted in ddH2O to a 

final concentration of 0.5X and stored at RT. 

Protein A binding buffer Protein purification 5 mL of 1M Tris-HCl pH 8, 15 mL of 5M 

NaCl, 5 mL of 10% NP-40 and 475 mL of 

ddH2O (500 mL final volume) was mixed and 

stored at 4 oC. 

TEV cleavage buffer Protease cleavage 1 mL of 1M Tris-HCl pH 8, 3 mL of 5M 

NaCl, 1 mL of 10% NP-40, 100 µL of 0.5M 

EDTA, 100 µL of 1M DTT and 95 mL of 

ddH2O was mixed and stored at 4 oC. 

Calmodulin binding buffer Protein purification 5 mL of 1M Tris-HCl pH 8, 15 mL of 5M 

NaCl, 5 mL of 10% NP-40, 500 µL of 1M 

magnesium acetate, 500 µL of 1M imidazole, 

1 mL of 1M CaCl2, 348.5 µL of 14.3M β-

mercaptoethanol and 473 mL of ddH2O was 

mixed and stored at 4 oC. 

Calmodulin elution buffer Protein elution 1 mL of 1M Tris-HCl pH 8, 3 mL of 5M 

NaCl, 1 mL of 10% NP-40, 100 µL of 1M 

magnesium acetate, 100 µL of 1M imidazole, 

200 µL of 1M EGTA, 69.7 µL of 14.3M β-

mercaptoethanol and 94.5 mL of ddH2O was 

mixed and stored at 4 oC 

TCA Washing Buffer Protein precipitation 

wash 

70 mL of acetone, 20 mL of ethanol, 5 mL of 

Tris (pH 8), and 5 mL of ddH2O was mixed 

and stored at 4 oC.  

PBS buffer buffer solution to 

wash and remove any 

debris from bacterial 

cultures before GFP 

To make 1X PBS: 137 mM NaCl, 2.7 mM 

KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4, and 

pH 7.4. mixed and stored at 4 oC in the dark. 
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fluorescence exam and 

imaging 

 

Screening Reagents 

 

  

Isopropyl β-D-1-

thiogalactopyranoside 

(IPTG) solution (Fisher 

Bioreagents, Ottawa, 

Canada 

For the induction of 

lacZ gene expression 

in the pUC19 vector 

required for 

white/blue colony 

screening, and the 

induction of the 

transposable element 

to be inserted into 

host chromosomal 

DNA.   

2.38 g of IPTG powder was dissolved in 100 

mL ddH2O to a final concentration of 100 mM 

IPTG. Products were filter sterilized and then 

stored at -20 oC. 

5-bromo-4-chloro-3-

indolyl-beta-D-galacto-

pyranoside (X-Gal) 

solution (Omega Bio-Tek,  

Norcross, USA 

To use in combination 

with IPTG for 

white/blue colony 

screening denoting 

disruption of the 

lacZα genetic element 

and LacZ− phenotype 

in M15 ΔlacZ cells 

(see Table 1 for 

genetic description). 

After lacZ induction 

by the gratuities 

inducer, IPTG, X-Gal 

particles are 

20 mg of X-Gal powder was dissolved in 20 

mL of dimethylsulfoxide (DMSO, Fisher 

Bioreagents, Ottawa, Canada). Unused X-Gal 

plates/stock were protected from light 

degradation at -20 oC. 
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hydrolyzed by LacZ+ 

cells inducing blue 

colour in non-

recombinant colonies.   

 

Gels 

 

  

0.8% DNA agarose gel  To separate DNA 

fragments and make 

them visible under 

UV light.   

4 μL of Ethidium Bromide (EtBr) solution 

(Bio-Rad, Mississauga, Canada) was added to 

molten agarose gel just before pouring the 

melted agarose into the gel cast. The gel 

solidified at RT before use. 

SDS-PAGE gel (Bio-Rad, 

Hercules, USA) 

To separate extracted 

proteins and identify 

their presence on an 

immunoblot  

4-5% stacking and 8-10% resolving gels were 

prepared using the Bio-Rad MINI Protean 

TGX Stain-Free Gel Kit (Hercules, USA).  

Equal volumes of Buffer A and Buffer B were 

mixed. 5 mL of TEMED and 50 μL of APS 

were added for the stacking gel 4 mL of 

TEMED and 100 μL of APS were added for 

the resolving gel.  

The resolving gel solution was added first to 

the gel cast and then the stacking gel on top 

with the inserted comb and allowed to solidify 

at RT before use. 
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Appendix B 

Supplementary DNA data 
 
The sequences of rexA, rexB, and cI of Enterobacteria phage lambda, NC_001416.1  

 
>RexB (35825-36259 complement) 

 

 

ATGCGGAACAGAATCATGCCTGGTGTTTACATAGTAATAATTCCTTACGTTATCGTAAGCATTTGCTATC 

TCCTTTTCCGCCACTACATTCCTGGTGTTTCTTTTTCAGCTCATAGAGATGGTCTTGGGGCGACATTGTC 

ATCATATGCAGGAACCATGATTGCAATCCTGATTGCTGCCTTGACGTTTCTAATCGGAAGCAGAACGCGC 

CGACTGGCCAAGATTAGAGAGTATGGGTATATGACATCGGTAGTTATTGTCTATGCCCTTAGTTTTGTTG 

AGCTTGGAGCTTTGTTTTTCTGCGGGTTATTGCTTCTTTCCAGCATAAGCGGCTACATGATACCCACTAT 

CGCCATCGGCATTGCCTCTGCATCGTTCATTCATATATGCATCCTTGTTTTCCAACTATATAATTTGACC 

AGAGAACAAGAATAA 

 

 
>RexA (36275-37114 complement)  

 
ATGAAGAATGGTTTTTATGCGACTTACCGCAGCAAAAATAAAGGGAAAGATAAGCGCTCAATAAACCTGT 

CTGTTTTCCTTAATTCTCTGCTGGCTGATAATCATCACCTGCAGGTTGGCTCCAATTATTTGTATATTCA 

TAAAATCGATGGAAAAACTTTTCTCTTTACCAAAACAAATGACAAGAGTCTGGTTCAGAAGATAAATCGC 

TCTAAAGCTTCAGTTGAAGATATTAAGAACAGCCTCGCAGATGACGAATCATTGGGATTCCCATCTTTTT 

TGTTTGTTGAAGGCGACACCATTGGTTTTGCCAGAACTGTTTTCGGGCCGACCACATCCGATCTGACAGA 

TTTTTTAATCGGGAAAGGAATGTCATTAAGCAGTGGAGAGCGCGTTCAGATAGAGCCACTGATGAGGGGA 

ACCACCAAAGACGATGTTATGCATATGCATTTCATCGGCCGAACAACGGTGAAGGTAGAAGCCAAGCTAC 

CTGTATTTGGCGATATATTAAAGGTCTTAGGGGCAACAGATATTGAAGGGGAGCTTTTTGACTCATTGGA 

TATAGTCATTAAGCCAAAATTTAAAAGGGATATAAAAAAGGTTGCCAAGGATATTATTTTTAACCCGTCA 

CCTCAATTTTCAGACATTAGCCTGCGGGCAAAAGATGAGGCCGGAGATATTTTAACAGAACATTATCTAT 

CAGAAAAAGGCCATCTCTCAGCGCCTCTGAACAAGGTCACCAATGCTGAGATAGCTGAAGAGATGGCATA 

TTGCTACGCAAGAATGAAAAGTGATATACTGGAATGTTTTAAAAGGCAGGTGGGCAAAGTTAAGGATTAA 

 
>CI (37227-37940 complement) 

 
ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTATG 

AAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAGATGGGGATGGGGCAGTCAGG 

CGTTGGTGCTTTATTTAATGGCATCAATGCATTAAATGCTTATAACGCCGCATTGCTTGCAAAAATTCTC 

AAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTTAGTA 

TGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTCTCACC 

TGAGCTTAGAACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGTGATTCT 

GCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGCTTTCCTGACG 

GAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGACTTGGGGG 

TGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTAAACCCACAG 

TACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGGGAAAGTTATCGCTAGTCAGTGGCCTGAAG 

AGACGTTTGGCTGA 
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Appendix C 

Plasmid Maps of GFP-Rex Constructs 
 

This section illustrates the N-terminal fusion constructs used to study RexA and RexB expression 

and visualization in E. coli BW25113 (wild type) and λ lysogens. The collection includes RexA, RexB, 

RexA-RexB (fusion at RexA), and RexA-RexB (fusion at RexB).  

Each construct was generated with and without a flexible linker to assess the impact of spatial 

separation on protein folding and function. The linker sequence used is provided in Table 3-1. All 

constructs were expressed under identical conditions and analyzed via fluorescence microscopy. 

Plasmid constructs were designed using SnapGene software. 
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Figure C-1. Plasmid Maps of eGFP::RexA Constructs with and without Linker. Plasmid maps 

showing the design of eGFP::RexA constructs used for N-terminal tagging of RexA with eGFP. Two 

versions were generated: one with a direct fusion of eGFP to the N-terminus of RexA, and one with a 

flexible linker inserted between eGFP and RexA to improve folding and reduce steric hindrance. Both 

constructs were cloned into pPL451 backbone for expression in E. coli cells.  
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Figure 0-2. Plasmid Maps of eGFP::RexB Constructs with and without Linker. Plasmid maps 

showing the design of eGFP::RexB constructs used for N-terminal tagging of RexB with eGFP. Two 

versions were generated: one with a direct fusion of eGFP to the N-terminus of RexB, and one with a 

flexible linker inserted between eGFP and RexB to improve folding and reduce steric hindrance. Both 

constructs were cloned into pPL451 backbone for expression in E. coli cells. 
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Figure 0-3. Plasmid Maps of eGFP::RexA-RexB Constructs with and without Linker. Plasmid 

maps showing the design of eGFP::RexA-RexB constructs used for N-terminal tagging of RexA with 

eGFP. Two versions were generated: one with a direct fusion of eGFP to the N-terminus of RexA in 

the presence of RexB, and one with a flexible linker inserted between eGFP and RexA to improve 

folding and reduce steric hindrance. Both constructs were cloned into pPL451 backbone for expression 

in E. coli cells. 



 

  

 

241  

 

Figure 0-4. Plasmid Maps of RexA-eGFP::RexB Constructs with and without Linker. Plasmid 

maps showing the design of RexA-eGFP::RexB constructs used for N-terminal tagging of RexB with 

eGFP in the presence of RexA. Two versions were generated: one with a direct fusion of eGFP to the 

N-terminus of RexB in the presence of RexA, and one with a flexible linker inserted between eGFP 

and RexB to improve folding and reduce steric hindrance. Both constructs were cloned into the pPL451 

backbone for expression in E. coli cells. 
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Figure 0-5. Plasmid Maps of Dual-Tagged Rex Constructs: eGFP::RexA-RFP::RexB and 

eGFP::RexA-RexB::RFP. Plasmid maps showing the design of eGFP::RexA-RFP::RexB constructs 

used for N-terminal tagging of RexA and RexB with eGFP and RFP, respectively. The second 

construct, eGFP::RexA-RexB::RFP, was generated by fusing eGFP to the N-terminal of RexA and RFP 

to the C-terminal of RexB. Both constructs were cloned into pPL451 backbone for expression in E. coli 

cells. The dual-tag configuration enables the simultaneous visualization of both proteins, allowing for 

the assessment of their interactions.  
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Figure 0-6. Plasmid Maps of Dual-Tagged Rex Constructs: eGFP::RexA-RFP::RexB and 

eGFP::RexA-RexB::RFP with linker. Plasmid maps showing the design of eGFP::RexA-RFP::RexB 

constructs used for N-terminal tagging of RexA and RexB with eGFP and RFP, respectively. The 

second construct, eGFP::RexA-RexB::RFP, was generated by fusing eGFP to the N-terminal of RexA 

and RFP to the C-terminal of RexB. The linker sequence was inserted between the Rex protein and the 

tag. Both constructs were cloned into pPL451 backbone for expression in E. coli cells. The dual-tag 

configuration enables the simultaneous visualization of both proteins and allows for the assessment of 

their interactions. 
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This section illustrates the C-terminal fusion constructs used to study RexA and RexB expression 

and visualization in E. coli BW25113 (wild type) and λ lysogens. The collection includes RexA, RexB, 

RexA-RexB (fusion at RexA), and RexA-RexB (fusion at RexB).  

Each construct was generated with and without a flexible linker to assess the impact of spatial 

separation on protein folding and function. The linker sequence used is provided in Table 3-1. All 

constructs were expressed under identical conditions and analyzed via fluorescence microscopy. 

Plasmid constructs were designed using SnapGene software. 
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Figure 0-7. Plasmid Maps of RexA::eGFP Constructs with and without Linker. Plasmid maps 

showing the design of RexA::eGFP constructs used for C-terminal tagging of RexA with eGFP. Two 

versions were generated: one with a direct fusion of eGFP to the C-terminus of RexA, and one with a 

flexible linker inserted between eGFP and RexA to improve folding and reduce steric hindrance. Both 

constructs were cloned into the pPL451 backbone for expression in E. coli cells.  
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Figure C-8. Plasmid Maps of RexB::eGFP Constructs with and without Linker. Plasmid maps 

showing the design of RexB::eGFP constructs used for C-terminal tagging of RexB with eGFP. Two 

versions were generated: one with a direct fusion of eGFP to the C-terminus of RexB, and one with a 

flexible linker inserted between eGFP and RexB to improve folding and reduce steric hindrance. Both 

constructs were cloned into the pPL451 backbone for expression in E. coli cells. 



 

  

 

247  

 

Figure 0-9. Plasmid Maps of RexA::eGFP-RexB Constructs with and without Linker. Plasmid 

maps showing the design of RexA::eGFP-RexB constructs used for C-terminal tagging of RexA with 

eGFP. Two versions were generated: one with a direct fusion of eGFP to the C-terminus of RexA in 

the presence of RexB, and one with a flexible linker inserted between eGFP and RexA to improve 

folding and reduce steric hindrance. Both constructs were cloned into the pPL451 backbone for 

expression in E. coli cells. 
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Figure 0-10. Plasmid Maps of RexA-RexB::eGFP Constructs with and without Linker. Plasmid 

maps showing the design of RexA-RexB::eGFP constructs used for C-terminal tagging of RexB with 

eGFP. Two versions were generated: one with a direct fusion of eGFP to the C-terminus of RexB in 

the presence of RexA, and one with a flexible linker inserted between eGFP and RexB to improve 

folding and reduce steric hindrance. Both constructs were cloned into the pPL451 backbone for 

expression in E. coli cells. 
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Figure 0-11. Plasmid Maps of Dual-Tagged Rex Constructs with and without linker: 

RexA::eGFP-RexB::RFP. Plasmid maps showing the C-terminal tagging of RexA and RexB with 

eGFP and RFP, respectively. The second construct used the Linker sequence between the Rex protein 

and the tag. Both constructs were cloned into the pPL451 backbone for expression in E. coli cells. The 

dual-tag configuration enables the simultaneous visualization of both proteins, allowing for the 

assessment of their interactions. 
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Fluorescence Microscopy of rex::egfp/rfp fusion constructs. Representative images showing the 

expression of Rex fusion proteins tagged with eGFP (green) or RFP (red). The panel includes a 

collection of Rex-GFP and Rex-RFP constructs expressed in E. coli, illustrating differences in signal 

intensity and distribution across constructs. 
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Appendix D 

Tap Tagging and Rex proteins 

 
The Tandem Affinity Purification (TAP tagging) system is one of the best techniques to isolate and 

purify functional gene product(s)/protein(s) complexes from bacterial cells since the tag addition does 

not affect the tagged protein function, membrane protein folding, or interfere with the molecular 

interaction processes and analysis.  

 

Figure 0-1. Plasmid Map Featuring C-terminal TAP Tagging Cassette. Plasmid map showing a 

construct designed for C-terminal TAP (Tandem Affinity Purification) tagging of target proteins. The 

tag consists of two IgG-binding domains from Staphylococcus aureus protein A (ProtA) and a 

calmodulin-binding peptide (CBP), separated by a TEV protease cleavage site. This configuration 

enables sequential affinity purification and optional proteolytic cleavage for downstream applications. 

The plasmid was designed using SnapGene 
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List of Tap-Rex Constructs: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 0-2. Plasmid Maps of Rex Constructs with C-terminal TAP Tags. Plasmid maps 

showing the design of constructs in which the TAP tag is fused to the C-terminus of various Rex 

protein configurations: RexA::TAP, RexB::TAP, RexA-RexB::TAP, and RexB-RexA::TAP. All 

plasmids were designed using SnapGene  
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Figure 0-3. Overview of the Two-Step Tandem Affinity Purification (TAP) Process. The schematic 

illustrates the two-stage TAP purification strategy used to isolate a TAP-tagged protein along with its 

specific interacting partners. Cells will be prepared and lysed, and the Tap-tagged protein of interest 

will be isolated via IgG-Sepharose-coated beads. Two rounds of protein affinity washes will be 

performed, and the Tap-tagged protein and its interactor(s) will be released and incubated with TEV 

protease to be cleaved from the beads. Any protein(s) still tagged with CBP will be released and can be 

easily re-washed and eluted. This two-step purification significantly reduces background and enriches 

for specific protein complexes. 
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TAP-tagged Rex vectors constructed using the pPL451 expression plasmid: 
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Figure 0-4. Plasmid Maps of TAP-Tagged Rex Constructs using the pPL451 Expression 

Vector. The Tap-tagged sequence was fused to the C-terminal of the following configurations: 

RexA::TAP, RexB::TAP, RexA-RexB::TAP, and RexB-RexA::TAP. These constructs enable tandem 

affinity purification of the tagged proteins and their potential interactors. All plasmids were designed 

using SnapGene 
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