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ABSTRACT 

 

PRELIMINARY INVESTIGATION OF CLUSTER M LYSOGENY AND PROPHAGE-

DEFENSE MECHANISMS 

Montana Jo Henson, M.S. 

Western Carolina University (May 2023) 

Director: Dr. Maria Gainey 

 

Bacteriophages are viruses that infect bacteria and are characteristically specific for their 

bacterial hosts with preferences rarely traversing genus boundaries. Mycobacteriophages – 

bacteriophages that infect Mycobacterial hosts – are the largest collection of genetically 

characterized phages known to infect a single host and are used to study phage biology and 

evolution. Mycobacteriophages have been divided into 32+ genetic clusters based on nucleotide 

sequence similarity and shared gene content. When a bacteriophage infects a bacterial cell, it 

usually enters the lytic cycle. Lytic replication results in the production of virus particles, and 

lysis of the host cell. Temperate bacteriophages may also enter the lysogenic cycle. During 

lysogeny, the bacteriophage integrates its genome into the host cell’s chromosome. After 

integration, the viral genome is referred to as a prophage, and the bacterial cell is called a 

lysogen. To defend the lysogen cell against bacteriophages in the environment, some prophages 

have evolved to contain prophage defense genes. These genes can allow a prophage to prevent 

homotypic and/or the heterotypic bacteriophages from establishing a productive infection in the 

lysogen cell. 
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 Mycobacteriophage treatment of antibiotic resistant human Mycobacterium abscessus 

and Mycobacterium tuberculosis infections has recently shown great promise. However, patient 

Mycobacterium abscessus isolates are only susceptible to a narrow range of mycobacteriophages 

due to the presence of prophages carrying uncharacterized defense systems. Cluster M-like 

prophages have been identified in patient isolates. Though cluster M-like prophages may play a 

significant role in resistance to bacteriophage therapy, little is known about how they establish 

lysogeny and what prophage defense mechanisms they may contain.  

During this study, the integration site and defense profile of the IPhane7 (subcluster M1) 

prophage was investigated. The location of the bacterial integration site (attB) was determined by 

full genome Illumina sequencing of the IPhane7 lysogen. Prophage-host junction specific PCR, 

followed by Sanger sequencing was used to confirm the attB/attP sites. The defense profile of 

cluster M lysogens was determined by the creation of cluster M lysogens and subsequent 

challenge with a genetically diverse panel of Mycobacteriophages.  

While the overall defense profile of cluster M prophages is unknown, previous work from 

the Gainey laboratory revealed that expression of only gene products (gp) 1 and 2 can prevent 

infection of cluster M bacteriophages. Gene 1 is unique to cluster M bacteriophages and is 

predicted to code for a 97 amino acid protein with a Sec-signal sequence. Gene 2 is found in 

other bacteriophages and sequenced Actinobacterial genomes. Select cluster M gp1 or gp1/gp2 

were introduced into M. smegmatis cells using high and low plasmid expression vectors. The 

defense profile against cluster M and other heterotypic mycobacteriophages was then determined 

via viral challenges, and the results displayed high specificity amongst phage phenotypes. 

Additionally, we investigated how the synergistic actions of gp1/gp2 cluster M defense may be 

overcome by using comparative genomics to analyze gp1/2 defense escape mutants.
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INTRODUCTION 

 

Bacteriophages, or phages, are viruses that infect bacteria. Bacteriophages are 

characteristically specific for their bacterial hosts with preferences rarely traversing genus 

boundaries. A bacteriophage host range is the taxonomic diversity of hosts that it may infect 

successfully 38. Mycobacteriophages – bacteriophages that infect Mycobacterial hosts –are the 

largest collection of genetically characterized phages known to infect a single host and are used 

to study phage biology and evolution 74. Mycobacteriophages have been divided into genetic 

clusters A-Z and AA-AE including 10+ singletons that do not share a close relative based on 

nucleotide sequence similarity and shared gene content 78,83. These clusters may be further 

divided into subclusters (e.g. A1, A2, A3, etc.) 16. As displayed in Figure 1, as of 2012 there 

were 220 actinobacteriophages identified and separated into clusters. That number has seen 

exponential growth over the past decade to include 22,513 total phages identified with 4,374 

finished genomes, as of January 2023. Currently, of the 12,404 phages that have been identified 

to infect the host genus Mycobacterium, 2213 have been sequenced, as reported by The 

Actinobacteriophage Database at PhagesDB.org. Figure 1 displays a small proportion of the 

intricate and seemingly insurmountable web amongst actinobacteriophages. Bacteriophages may 

either contain DNA or RNA as the genetic material with both single and double-stranded forms 

identified 89. Mycobacteriophages are all dsDNA. It is noted that there is little observed variation 

in GC% content between phages of the same cluster, but the GC% content varies considerably 

between clusters 37.   
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Figure 1. Genomic relationships amongst mycobacteriophages. The relationships among 220 

mycobacteriophages are displayed using the NeighborNet function in Splitstree4 34. Data were 

generated from the database Mycobacteriophages_220 in the program Phamerator 13. Phages 

within a cluster or subcluster are circled and labeled accordingly. Singletons are shown in gray 

circles. This figure was generated in 2012 and not fully inclusive of phages discovered post-

2012. Note figure and figure description adapted from 37.  

 

Phage genomic architecture displays common themes. Although there are three virion 

morphotypes of dsDNA tailed phages (Myoviridae, Podoviridae, and Siphoviridae)29, all known 

mycobacteriophages isolated to date are tailed dsDNA phages with two morphotypes observed: 

the myoviridae that contain contractile tails and the siphoviridae with long flexible non-
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contractile tails 1,33 as displayed in Figure 2. 

 

Figure 2. Tailed bacteriophages. The order Caudoviraes consists of three families: (a) 

Myoviridae with contractile tails, (b) Podoviridae that lack a baseplate and are short-tailed, and 

(c) Siphoviridae that possess long, non-contractile tail. Figure generated by Ongenae V. et al, 

2021 57.  

 

Siphoviral morphotypes, like cluster M phages, display clear synteny among genes that 

encode for virion structure and assembly functions 12, as seen in Figure 3 displaying an electron 

microscope image of IPhane7. Genes responsible for head and tail assembly are arranged with 

head genes 5’ to the tail genes and tend to be located in the left arm of the genome 39. Made up of 

>20 genes together, the head genes typically include one to two terminate subunits, a portal 

protein, a prohead protease, a scaffold protein, and the major capsid subunit while the tail genes 

include the major tail subunit, two overlapping open reading frames expressed via a programmed 

translational frameshift and the tapemeasure protein, followed by the minor tail proteins 28. The 

tapemeasure protein gene length has been found to directly correspond with the length of the 

phage tail, and is typically the largest gene of the genome 41,59. Virion morphotypes of 
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mycobacteriophages generally belong to the siphoviridae or myoviridae morphotypes, with no 

knowledge of a single mycobacteriophage of the podoviral morphotype 33 

 

Figure 3. Electron Microscope Image of IPhane7. IPhane7 is observed to have a 

Siphoviridae morphotype with an icosahedral head. Image from PhagesDB.org 36 

 

 

 Phage tails are responsible for host cell recognition and delivery of phage DNA into the 

cell’s cytoplasm via cell wall perforation 3(p5),4. Host cell recognition is achieved via interactions 

with specific cell surface receptors, like sugars and proteins, that the phage tail recognizes 57. 

Receptor-binding proteins (RBPs), typically located at the tip of the phage’s tail aid in 

recognizing surface-associated molecules on the host bacterium including enzymes, transporter 

proteins, substrate receptors, and other outer membrane structures 57.  

When a bacteriophage infects a host bacterial cell, it may enter one of two pathways: the 

lytic cycle or the lysogenic cycle. Figure 4 displays the two pathways by which bacteriophages 
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infect a host bacterium. Typically, virulent bacteriophages enter lytic replication that results in 

viral particle production within the host cell and subsequent lysis of the bacteria and release of 

phage virions. Some phages may also enter the lysogenic cycle prior to lytic replication. 

Temperate bacteriophages (phages that may enter the lytic or lysogenic cycles) may switch 

between the dormant, lysogenic state and the active/productive, lytic state 15. During lysogeny, 

the bacteriophage integrates its viral DNA into the host cell’s chromosome. After integration, the 

viral genome is referred to as a prophage, and the bacterial cell is called a lysogen. The phage 

represses its viral genome by employing repressor genes to down-regulate desired lytic gene 

expression 8, and expresses prophage encoded genes that may increase bacterial fitness.  

 

Figure 4. A comparison of the lytic and lysogenic cycles. Figure generated by 47 

 

Temperate phages encode an integrase gene (a recombinase) and a host-encoded 

integration host factor (IHF) that allows for the integration reaction whereby the integrase 

catalyzes strand cleavage and exchange 43. Integration systems of most temperate 

mycobacteriophages tend to be site-specific for prophage integration into the host chromosome 
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30. Mediating this establishment of lysogeny, there have been two main types of integration 

systems observed, the tyrosine-integrases (Int-Y) and serine-integrases (Int-S) 30. Integrases 

catalyze site-specific recombination between a bacterial attachment site (attB) and the phage 

attachment site (attP) that typically share a brief region of similarity in sequence between 3-

45bp, referred to as the ‘common core,’ where strand exchange occurs 30. Although serine and 

tyrosine integrases conduct essentially the same function, they do so by different modes of 

action. Typically, tyrosine-integrase systems’ common cores are 25-45bp in length and may 

more easily be predicted by homology searching through the host chromosome. The attP sites in 

Int-Y systems are typically longer, thus allowing for multiple binding sites for integrase subunits 

and other accessory proteins required to stimulate recombination 81.  

In contrast, Int-S systems have shorter common cores from 3-10bp long and do not 

require host-encoded proteins for recombination; the shortness of the common core causes the 

attB site not to be predictable bioinformatically 42,81. Int-Y systems exclusively use attB sites that 

overlap tRNA genes, which is not the case for Int-S phages who do not integrate into tRNAs 31. 

Phage-encoded serine integrases aide in directionality regulation of site-specific recombination 

between short common core sites without host factor requirements and without the 

recombination directionality factor (RDF) direct binding to the DNA 77. DNA strand exchange 

mechanisms differ between the two systems. Int-Y systems make single-strand breaks in the 

DNA and exchange a single strand of each site to form an intermediate Holliday-junction-like 

DNA structure that is resolved to recombinants via cleavage and exchange of other strand pairs 

81. Int-S systems make double-stranded breaks in the DNA and exchange strands via rotational 

mechanisms, as displayed in Figure 5 79. 
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Figure 5. Mechanism of strand exchange by serine integrases. The att- sites are shown 

with double-strand breaks, after strand cleavage (left) and before ligation (right). The ends are 

exchanged by a rotational movement of DNA with attached integrase subunits (orange ovals). 

The recessed 5′ ends, attached to the integrase via a phosphodiester to the active site serine 

residue, are shown as red dots. The blue and red arrowheads indicate similar sequence 

motifs giving the sites imperfect two-fold symmetry. Note. This model and description were 

produced by Stark in 2017, summarizing the rotational mechanisms of strand exchange used by 

serine integrases. From “Making serine integrases work for us,” by 81. 

 

Based on the difficulty to locate Int-S systems due to short common cores sequences that 

make it unable to be identified bioinformatically or via tRNA gene locations, serine integrase 

systems must be determined experimentally, as appears to be the case with IPhane7’s integration 

sites. The experimental determination of the attP and attB sites may lead to the identification of 

other cluster M phage integration sites and have influence on prophage gene expression. Of 

relative importance, cluster M-Like prophages have been observed in human M. abscessus 

infection isolates that are resistant to antibiotic treatment, identified as MabI prophages 16. M. 

abscessus prophages have a vast range of diversity that may be assorted into 17 clusters and most 

of the prophages are generally not closely related to the multitude of gnomically variant M. 

smegmatis phages 16. Interestingly, cluster MabI and MabJ that have been identified in the M. 

abscessus isolates share similarity to cluster M and A mycobacteriophages, respectively 16,48,62.  

https://www-sciencedirect-com.proxy195.nclive.org/topics/medicine-and-dentistry/ligation
https://www-sciencedirect-com.proxy195.nclive.org/topics/medicine-and-dentistry/sequence-motif
https://www-sciencedirect-com.proxy195.nclive.org/topics/medicine-and-dentistry/sequence-motif
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Figure 6. ProphiGD54-2 (cluster MabI), which is organized similarly to cluster M 

mycobacteriophages. Most phages are observed to use a tyrosine integrase (Int-Y) within the 

clusters, with the exceptions of clusters MabI and MabJ (cluster A similarity), which both use 

serine integrases (Int-S) 16. Note. Figure map of prophiGD54-2 from 16. 

  

 A genomic map of MabI prophiGD54-2 in Figure 6 displays some unique features of the 

prophage and notable similarity in organization to cluster M mycobacteriophages including a 

serine-integrase in the right arm, an array of 21 tRNA genes, and the coding of a release factor 16. 

Of the attB sites that were identified in the M. abscessus isolates, three utilized Int-S systems 

(attB-9, attB-7, and attB-17) that were noted to have characteristically short common core 

sequences of 5 to 8 bp 16,42. Both cluster M-like MabI phages use the attB-9 and attB-17 and are 

located within genes MAB_3230, a SnoaL_4 domain related to an oxidoreductase 
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of Streptomyces 91, and MAB_3265, a dienelactone hydrolase family protein of unknown 

function, respectively 16. Figure 7 displays these integration sites. Integration within open 

reading frames is not an uncommon phenomenon amongst temperate phages, such as observed 

by Bxb1 integration into the groEL1 gene of M. smegmatis 42,56. 

 
Figure 7. M. abscessus prophage integration and immunity. (A) Location of attB sites in 

the M. abscessus genome. The 5-Mbp M. abscessus ATCC 19977 circular genome is 

represented, with the location of the 18 attB sites (attB-1 to attB-18) indicated inside the circle. 

Outside the circle the coordinate of the site in ATCC 19977 is shown in red, the associated M. 

abscessus ATCC 19977 gene name is shown in blue, and the prophage clusters using 

each attB are shown in black. attB locations and consequences of integration are shown (black 

bars) relative to the M. abscessus ATCC 19977 genes for reference; rightward and leftward 

transcribed genes are shown as green and red boxes, respectively, with their ATCC 19977 gene 

number. An integrated prophage example is shown for the prophiGD54-2 attB site and 

prophiGD86-1, with the corresponding attL and attR sites shown to reflect the orientation of 

integration. Note. That the figure and modified description are adapted from 16 

 

It is likely that prophage and plasmid abundance and mobility play a large role in 

influencing gene virulence, antibiotic susceptibility, and defense against viral infections 16. With 

advances in synthetic biology, the capacity of phages to mediate the transduction of genes which 

may increase bacterial virulence or promote antibiotic resistance, has presented the opportunity 

for temperate phages to be utilized as treatments against bacterial infections by removing 

‘lysogeny genes’ from their genome 46. The unusual properties of serine integrases including 

recombination directionality manipulation via simplistic site sequence requirements are leading 
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to development as efficient and versatile tools with applications in experimental biology, 

biotechnology, and gene therapy 81 

 Vital for successful bacteriophage integration into a host bacterial cell is the ability to 

repress virally encoded phage genes and the expression of lysogenic genes to allow for a state of 

dormancy. Bacteriophage repressor systems allow for a quiescent state of being once integrated 

into its host cell. A repressor system, at the most basic ideology, is employed when a phage-

encoded repressor gene that acts by binding at operators that control early promotors to ensure 

that functions deployed in lytic growth remain unexpressed 92. The complex genetic switch 

between lytic and lysogenic growth has been thought to arise from  simpler ancestral systems 

that, over time, has been refined and added to allowing it to ‘work better’ under certain selective 

pressures 7. 

Of the studies conducted investigating the genetic switched of bacteriophages, the most 

prominent is that of phage λ (lambda) as chronicled by Mark Ptashne’s 1986 book, A Genetic 

Switch. When Lambda infects its host, Escherichia coli, lysogeny is achieved via expression of a 

repressor gene (Cl) that binds to tripartite operators (oR and oL) at early lytic promotors pL and 

pR 67. Lambda cl autoregulates its synthesis by activation of its own transcription from the 

promoter for lysogenic maintenance (pRM) at moderate Cl concentrations, and represses it when 

the Cl concentration is high 90. During induction from lysogeny to a lytic state, Cl is inactivated 

while the two lytic promotors are de-repressed to allow for Cro expression from pR – Cro is 

known to prevent lysogeny by repressing Cl transcription from pRM 44. As roughly shown in 

Figure 8, Lambda’s ‘genetic switch’ is directly determined by the interplay of two regulatory 

proteins (CI and Cro), three promoters (pR, pL, and pRM), and six nearly homologous operators 
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(oR1, oR2, and oR3 adjacent to pR and oL1, oL2 and oL3 adjacent to pL), all encoded in a 5.4-kb 

DNA segment of the phage chromosome called the immunity region 44.  

 

Figure 8. Genetic Switch Overview. (A) The genetic switch region of the temperate 

lambdoid phages. The repressor and cro genes lie on opposite sides of the operator (OR) region. 

(B) The repressor and cro genes are transcribed in opposite directions from their respective 

promoters, which overlap in the middle operator, OR2. (C) The situation in a lytic infection. Cro 

protein dimers occupy OR3, preventing RNA Polymerase from initiating transcription from the 

repressor promoter. RNA Polymerase transcribes the cro gene (and other genes), producing more 

of cro protein, which silences repressor transcription. (D) The situation in a lysogenic cycle. 

Repressor throws the genetic switch to repressor transcription and cro gene silencing. Repressor 

protein dimers bind OR2 and OR1, preventing RNA Polymerase from transcribing the cro gene, 

and promoting repressor transcription from the repressor promoter. Unlike cro, the repressor has 

an activation domain that promotes RNA Polymerase binding to the repressor promoter. The 

repressor and cro proteins have differential affinity for the operators. Repressor has lower 

affinity for OR3 than for OR2 and OR1, and cro has higher affinity for OR3 than OR1 and OR2. 

The structural bases for this differential affinity will not be addressed in this paper. Figure and 

description adapted from 

(http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/cro_re

p.htm) 

 

http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/cro_rep.htm
http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/cro/frames/cro_rep.htm
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 Repressor systems serve as vital components to any temperate phage favoring the 

lysogenic life cycle. They are carried out by bacteriophages such that repressor systems obtain 

the same end goal of lysogeny but may do so by various means. Studies of mycobacteriophage 

L5 display an atypical phage repressor system. L5’s repressor gene, gp71, binds to multiple 

asymmetric DNA sites whereby regulating transcription initiation at an early lytic promotor, Pleft, 

while also affecting downstream gene expression at ‘stoperator’ sites 8.  Binding of gp71 to these 

sites results in a strong orientation-dependent polar effect on downstream gene expression and 

global silencing of prophage gene expression 8. Another case of unusual repressor systems may 

be seen in the temperate mycobacteriophage BP which utilizes an integration-dependent 

immunity system in which the phage attachment site (attP) is located within the repressor gene, 

gp33 90. The highly site-specific integration enables the synthesis of a prophage-encoded 

product, gp33103, that is 33 residues shorter at the C-terminus rather that the virally-encoded 

protein, gp33136 90. By shortening the virally-encoded gene by 33 residues, a shorter form of the 

repressor gene becomes an active and stable protein that represses an early lytic promotor, PR, 

whereas the longer virally-encoded form (gp33136) is inactive due to targeted degradation via a 

C-terminal ssrA-like tag 90. Variations amongst encoded repressor systems have been 

overserved, including discoveries of a monomeric mycobacteriophage immunity repressor which 

uses two domains to recognize an asymmetric DNA sequence, and are continually being 

unearthed and studied 49,60,73.  

Once the phage has established lysogeny within the host cell, it aims to protect the cell to 

allow the lysogen to undergo replication and pass on the integrated viral phage DNA to progeny. 

To defend the lysogen cell, some prophages have evolved to contain prophage defense genes that 

aim to mutually benefit the prophage and bacterial host. Temperate phages collude with their 
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hosts to confer defense against heterotypic, genomically distinct, bacteriophages from 

establishing a productive infection in the lysogen cell 24. More than 50% of mycobacteriophage 

cluster groups contain temperate phages that likely encode, many as of yet undiscovered, 

prophage-mediated defense mechanisms that interfere with heterotypic, or unrelated, phage 

infection, often with high specificity 16,18,51. Studies investigating the collusion between 

prophages and their hosts has been of ongoing research, as a plethora of bacterially-encoded 

phage defense systems have been described 22,25,55. An example of a prophage-mediated defense 

mechanism, superinfection exclusion, is observed in prophages known to inhabit E. coli, 

whereby phages HK97 14 and φ80 87 express proteins that inhibit further phage infection at the 

cellular surface level. The protein mechanisms observed to block further phage infection include 

interactions with the cytoplasmic membrane by blocking phage genomic injection and 

interactions with phage receptors on the bacteria’s outer membrane to inhibit phage binding 6.  

A miniscule subset of mycobacteriophages that infect M. smegmatis mc2155, 

subclusters/clusters (A2, A3, G, K), can infect Mycobacterium tuberculosis, suggesting some 

may possess a broader host range than the majority of others 37. While the constraints on 

infection are not fully understood, they are known to involve a plethora of mechanisms including 

restriction modification and cell surface receptor availability 35, a variety of mediated abortive 

infection processes 23, and Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPRs) 20. 

What is known is that prophages collude extensively with their bacterial hosts to provide 

defense against viral attack, often profoundly influencing host physiology, endowing pathogenic 

properties and additional metabolic pathways, and ultimately are capable of providing survival 

advantages in various environments 24. Prophage mediated defense mechanisms often act with 
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exquisite specificity, as observed by a new heterotypic prophage-mediated defense system 

encoded by the cluster I2 mycobacteriophage Sbash 24. In the defense system encoded by for 

Sbash, two lysogenically – expressed genes (30 and 31) target the cluster L2 phage Crossroads 

genes 132 and 142  with outstanding specificity by activating a loss in membrane potential, as 

shown in Figure 9 24; however, Sbash’s genes 30 and 31 do not defend against any other 

mycobacteriophage tested, including other closely related subcluster L2 phages. Distantly related 

homologues of the Sbash genes 30/31 defense genes have been observed in Gordonia phage 

CarolAnn and have been observed to defend against Crossroads when expressed in M. smegmatis 

24,52. CarolAnn’s genes 43/44 use a different targeting system than those observed by Sbash 

30/31, by expression with the repressor gene with necessity and sufficiency to confer defense 

against unrelated phages in cluster CZ, namely phage Kita and its close relatives 52. Blatant 

similarity can be observed between the two systems employed by phages Sbash and CarolAnn in 

Figure 9, showing how evolutionary relationships between prophage-mediated defense 

mechanism acquisition exist between distant relatives.  

 

Figure 9. Prophage-mediated defense mechanisms of CarolAnn and Sbash. (C) A model 

for CarolAnn 43/44-mediated defense. CarolAnn gp43 is proposed to be membrane located but 

inactive as an ion channel until infection with phage Kita (or relatives). During early lytic growth 

of Kita, gp53 acts either directly or indirectly through CarolAnn gp44 to activate the gp43 ion 

channel, leading to loss of membrane potential and of intracellular ATP, interruption of 
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macromolecular synthesis, and loss of cell viability. (D) Mechanism of Sbash 30/31 mediated 

defense against Crossroads. Sbash gp31 is proposed to be membrane located but inactive as an 

ion channel until infection with phage Crossroads. During early lytic growth of phage 

Crossroads, gp132 and gp141 act either directly or indirectly through Sbash gp30 to activate the 

gp31 ion channel, leading to loss of membrane potential and of intracellular ATP, interruption of 

macromolecular synthesis, and loss of cell viability. It is not known if Sbash gp30 interacts 

directly with gp31 in either the inactive or the activated state, but substitutions in the central 

cytoplasmic loop of Sbash gp31 are inactive for defense, consistent with an interaction between 

Sbash gp30 and gp31. Note figures and descriptions adapted from 24,52.  

 

Mycobacteriophages are of interest for a few reasons. Their large database of complete 

genome sequences expose their high levels of genomic variation that offer insight into overall 

phage genome diversity and evolutionary mechanisms that create this diversity 37. 

Mycobacteriophages have also been used as tools for developing genetic systems for hosts – 

including the causative agent of human tuberculosis (TB), Mycobacterium tuberculosis – that 

contribute to novel diagnostic strategies, preventative, and therapeutic approaches for TB 32. Due 

to the mobile nature of prophages and plasmids, they play a key role in phage infection 

variations among closely related bacteria 16. Therapeutic use of phages to treat and control 

bacterial infections in an age where widespread antibiotic-resistant bacteria threaten our current 

cache of antibiotics is of fast-rising importance 16,46.  

Phage infection profiles do not correlate with whole-genome phylogenies, and mobile 

elements like prophages and plasmids are likely major contributors 75. Very few 

mycobacteriophages infect Mycobacterium abscessus, but a cocktail of three phages within the 

subset known to infect both M. tuberculosis and M. smegmatis previously discussed were used 

for therapy of a disseminated, drug-resistant infection in a cystic fibrosis patient with a bilateral 

lung transplant 17. Mycobacteriophage treatment of antibiotic resistant human Mycobacterium 

abscessus and Mycobacterium tuberculosis infections has recently shown great promise 19. 
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However, patient Mycobacterium abscessus isolates are only susceptible to a narrow range of 

mycobacteriophages due to the presence of prophages and plasmids carrying uncharacterized 

defense systems. Constituting as much as 10-20% of a bacterium’s genome, prophages are 

contributors to inter-strain variability 80. Cluster M-like prophages have been identified in patient 

isolates 16. Bacteriophage therapy for antibiotic resistant M. abscessus infections has become as 

beneficial avenue, and cluster M-like prophages therefore have become of peak interest. 

However, little is known about how cluster M phages establish lysogeny and what prophage-

mediated defense genes they may express. Thus, the important of the identification of cluster M 

IPhane7’s integration sites become of elevated importance, especially with the difficulty of 

identifying serine integrase systems. 

There are seventeen members belonging to cluster M mycobacteriophages. Cluster M is 

divided into three subclusters – M1 (10 members), M2 (6 members), and M3 (1 member) – and 

are known to be temperate. Cluster M phages possess siphoviral morphologies with icosahedral 

heads and unusually long, non-contractile tails. They contain larger than average dsDNA 

genomes of approximately 80.2 to 83.7 kbp, and have an average of 61.2% GC content, 141.3 

genes, and 18.7 tRNAs 82.  In contrast to other mycobacteriophages, cluster M’s have 

noncanonical genome architectures and have been found to contain several unusual sets of 

conserved repeats, suggesting novel regulatory systems for transcription and translation. They 

are known to have a non-centrally located integrase and a set of reverse genes found before 

structural genes. Though cluster M-like prophages may play an important role in resistance to 

bacteriophage therapy, little is known about how they establish lysogeny and what prophage 

defense mechanisms they may contain 16. Temperate phages possess a repressor gene that is key 
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in lysogenic establishment, however bioinformatic analysis failed to identify a repressor gene 

encoded by Cluster M bacteriophages.  

 

Figure 10. Electron microscope image of IPhane7 plaques and phage structure. Images 

gathered from (The Actinobacteriophage Database | Phage IPhane7) on 12/11/2022.  

 

Cluster M bacteriophage IPhane7 was discovered in Cullowhee, North Carolina in 2016. 

Electron microscope images of IPhane7 plaques and phage structure are displayed in Figure 10 

showing the long, non-contractile tails and siphoviridae morphology characteristics. Previous 

work in the Gainey laboratory by Erin Cafferty raised interest in IPhane7’s gene product 1 (gp1) 

and gene product 2 (gp2) possible roles during lysogeny. IPhane7’s gp1/2 were initially thought 

to play a role in lysogeny, possibly encoding for the phage’s repressor system, as Cluster M 

repressor genes failed to be identified bioinformatically. Preliminary analysis of IPhane7 had 

revealed that gp1 is likely a secreted-signal peptide and likely acts to prevent infection at the 

level of phage entry into the cell. Further investigation in this study led to the identification of a 

likely prophage-mediated defense mechanism encoded for by IPhane7’s gp1 that synergizes gp2. 
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Presented is a preliminary investigation into the novel prophage-mediated defense 

mechanisms encoded for by cluster M mycobacteriophages gp1 and gp1/2 together, with the 

support of bioinformatically analyzed IPhane7 defense escape mutants (DEMs) that have gained 

mutations to overcome defense mechanisms encountered. Experimental determination of the 

viral integration sites in the bacterial genome of an IPhane7 lysogen will be discussed, and 

defense profiles of a panel of cluster M lysogens will be investigated. Our results provide the 

presumed first identification of integration sites for cluster M IPhane7 lysogen and initial 

investigations into the novel and inherently complex prophage defense systems of cluster M 

phages in an effort to add to the knowledge of bacteriophage use as therapy against antibiotic-

resistant bacterial infections in humans.  
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CHAPTER ONE: MATERIALS AND METHODS 

Solution, Media, and Gel Preparations 

Solutions, Media, and Agar Plates 

 All protocols used to make solutions, mediums, and plates were followed from the SEA-

GENES Instructor Guide ‘Recipes Cards.’ The following solutions were used: AD Supplement, 

Anhydrotetracycline Stock, Calcium Chloride (1 M), Glycerol (40%), Glycerol (10%), 

Kanamycin Stock, and Tween80 (20%). 68 

The following mediums and plates were used: 7H9 Liquid Medium (Neat), 7H9 Top Agar (2X), 

7H9 Top Agar (1X), Agarose Gel (1%), LB Agar Plates, and LB Liquid Media. 68 All 

bacteriophages used in the study were accessed from the Gainey laboratory stock or the Hatfull 

laboratory with fully sequenced and annotated genomes. Their Genbank accession numbers can 

be found in Table A1.  

Lysogen Immunity Assay Preparation 

Lysogen Creation and Purification 

 Cluster M bacteriophages, Reindeer and PegLeg, were obtained from the Gainey 

laboratory for lysogen creation. Bacteriophages of interest were extracted from stock via aseptic 

technique. Creation of the lysogens followed the Phagehunting Program protocol for ‘Lysogeny 

Experiments’ (phagesdb.org). Two plates were prepared by pouring a lawn of host cells, M. 

Smegmatis mc2155, on top of Middlebrook 7H9 agar plates. Then, serial dilutions to 10-4 of 

Reindeer and PegLeg phages were spotted on each plate to obtain mesas from each phage. Mesas 

samples were collected from each plate and streaked. Five colonies from each plate were chosen 
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to purify. Each lysogen candidate underwent three rounds of purification. Upon completion of 

triple purification, two lysogen candidates for each phage, Reindeer and PegLeg, were prepared 

for archive in -80℃ freezer.  

Lysogen Immunity Assay 

 Immunity assays were performed for the following lysogens: IPhane7 (#1), Reindeer 

(#1), Reindeer (#2), PegLeg (#1), PegLeg (#2), Rey (#5), Nanosmite (#1). The Immunity Assay 

protocol outlined in the Phagehunting Program protocol for ‘Lysogeny Experiments’ 

(phagesdb.org) was followed. Two lysogen immunity assays were performed utilizing two 

differing phages panels to test against. A lawn of each lysogen was prepared by adding 1mL 

bacteria and 4.0mL top agar to a plate and allowed to solidify. Cluster M lysogen immunity 

assay applied 2µL spots of 8-fold serial dilutions of cluster M phages IPhane7, Bongo, PegLeg, 

Reindeer, Rey, and Nanosmite to plates containing a lawn of lysogen cells for each lysogen 

listed above. Non-cluster M viral panel lysogen immunity assay applied 2µL spots of 8-fold 

serial dilutions of phages Charlie (N), Xeno (N), Phayonce (P5), Island3 (I1), and Che9C (I2) to 

plates containing a lawn of lysogen cells for each lysogen listed above. Spots were allowed to 

dry completely before moving. Cluster M Immunity Assay plates were incubated for 72 hours at 

30℃ and then imaged. Non-cluster M viral panel plates were incubated for 72 hours at 37℃.  

Bioinformatic Characterization 

DEM Assembly and Analysis  

 IPhane7 Defense Escape Mutants (DEMs) were created and sequenced in the Gainey 

Laboratory. Following sequence data generation, Montana Henson assembled and analyzed the 

following samples: 1, 7-12. Assembly was performed via programs in the 2020 SEA VM 
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package made available by the HHMI SEA-PHAGES program. DEMs samples were assembled 

into contigs using GS De Novo Assembler (Newbler) v2.9, consed v29 (150417), AceUtil, and 

analyzed for the mutations using NCBI’s BLASTn 2 compared to IPhane7 genomic data from the 

Actinobacteriophage Database at phagesbd.org. Mutation coordinates were investigated using 

PECAAN v20220930 to observe mutations within coding regions of the genome. Phyre2 v2.0 

was used to analyze mutation affects to protein assembly within coding regions.  

Lysogen Integration  

 The Gainey Laboratory had previous sequenced an IPhane7 (#1) lysogen via whole 

genome sequencing. Montana Henson assembled and analyzed the IPhane7 lysogen for attP and 

attB sites. The lysogen was assembled into contigs using GS De Novo Assembler (Newbler) 

v2.9, consed v29 (150417), and analyzed for areas of discrepancies in AceUtil. Partial assembly 

of the lysogen resulted in 586 contigs. Each contig was individually investigated for the presence 

of IPhane7’s genome via NCBI’s BLASTn 2. Seven of the 586 contigs were found to contain 

IPhane7 genomic sequence (contigs 14, 20, 67, 79, 194, 212, and 445). The seven contigs 

identified were then mapped to the respective genome they aligned to – either IPhane7 or 

Mycobacterium smegmatis mc2 155, or both due to junction locations – via NCBI’s BLASTn 

align two or more sequences for direct comparison. Each contig’s coordinates were aligned to 

IPhane7 (Genbank: MH697587.1) and M. smegmatis (GenBank: CP009494.1) during the NCBI 

BLASTn alignment. Once coordinates were identified, all contig coordinate information was 

synthesized to locate the attP and attB sites within the lysogen. Primers were designed in 

SnapGene for PCR amplification of each junction and subsequent Sanger sequence to confirm 

integration sites. 
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Table 1. Primers for amplification of junctions in the IPhane7 lysogen.  

JUNCTION: LENGTH (BP): DIRECTION: SEQUENCE: 

1  

(PCR) 

~684bp 

Annealing: 64℃ 

Forward 5’ –GGCATCGGCCCCGTCTGA– 3’ 

  Reverse 5’ –GGCTGCGACGTGTCCTTAAACGT -3’ 

2 

 (PCR) 

~586bp 

Annealing: 63℃-65℃ 

Forward 5’ -CAATGGCCTCACTCGGCTTAACGTC -3’ 

 

  Reverse 5’ –CGTGCAGGTCGACGACGCAGAA– 3’ 

1 (Sequencing) ~684bp 

Annealing: 55℃ 

Forward 5’ – GCATCGGCCCCGTC– 3’ 

  Reverse 5’ – GGCTGCGACGTGTC-3’ 

2 (Sequencing) ~586bp 

Annealing: 63℃-65℃ 

Forward 5’ - GGCCTCACTCGGCTTAA-3’ 

  Reverse 5’ – AGGTCGACGACGCAGA– 3’ 

 

IPhane7 gp1 Characterization 

IPhane7 gp1 protein was run through AlphaFold 40,88 to generate a predicted protein 

folding model and displayed a long string of amino acids that then formed into a “beta ball.” 

IPhane7’s gp1 was run through HHpred 93 and identified to possess a predicted Sec-signal 

peptide with cleavage between amino acid 24 and 25. IPhane7 gp1 protein sequence was input 

into TOPCONS 86, which generated a unanimous conclusion for the inclusion of a Signal peptide 

sequence, as shown in Figure 11.  
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 Figure 11. A TOPCONS generated for IPhane7 gp1 protein sequence displayed a 

unanimous opinion of a signal peptide at the beginning of the gene by all the programs: 

TOPCONS, OCTOPUS, Philius, PolyPhobius, SPOCTOPUS, and SCAMPI who was similar 

with a slightly different generation. 

 

Protein Sequence Alignment of Cluster M gp1’s 

 Protein sequences were extracted from the “Actino_Draft” Phamerator database 

(www.phamerator.org © Cresawn, Hatfull, Bogel, Mavrich, Gauthier, HHMI SEA-PHAGES) 

for all gp1 sequences used for alignment. ClustalW2 85 was used as a multiple sequence 

alignment tool. ESprit v3.0 69 was used to render sequence similarities and secondary structure 

information from the aligned sequences for analysis.  

Plasmid Vector Cloning  

pExTra Vector PCR, Ligation and Digestion 
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PCR amplification was performed to linearize and amplify the pExTra vector using 

NEB’s Q5 Hot Start 2x Master Mix 66.  Primer design for all PCR was performed in SnapGene. 

All primers were ordered from IDT. Primers were resuspended with ddH2O to a 100µM 

concentration, and then diluted with ddH2O to 10µM for working concentrations. Upon 

completion, primers were stored at -4℃. The PCR reaction for the pExTra vector was carried out 

using the following conditions:  

Table 2. pExTra vector PCR reaction cycles.  

STEP TEMPERATURE  TIME 

Initial Denaturation 98℃ 1 minute 

29 cycles  98℃  10 seconds 

 68℃ 10 seconds 

 72℃ 3 minutes 

Final Extension 72℃ 5 minutes 

Hold 4℃ ∞ 

 

 Gel electrophoresis was performed on the pExTra PCR product using an Ethidium 

Bromide 1% agarose gel with 10µL/100mL Ethidium Bromide for 60 minutes at 100 V. The 

linearized pExTra PCR product was cut from the gel using a razor blade, and then purified 

following the instructions from the NEB’s Monarch Gel Extraction Kit. The pExTra product was 

then digested for 2 hours at 37℃ using NEB’s DpnI restriction enzyme digestion protocol 53. 

After DpnI digestion, PCR cleanup was performed on the reaction mixture to get the linearized 

pExTra into water, and the final product was stored at -4℃.  

HiFi Assembly of Genes into pExTra 
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Primers were designed in SnapGene to amplify genes of interest and contained 15-25 

bases of gene-specific sequence with the addition of uniform pExTra forward homology 

sequence (ATGCGGAGGAATCACTTCCA) on the 5’ end of the forward strand, and the 

addition of uniform pExTra reverse homology sequence 

(TGCAGGATCCGACTCGAGTGTCGAC) on the 5’ end of the reverse strand. These added 

sequences will provide overlaps with the vector used for cloning and will allow for the use of a 

technique called HiFi assembly to ligate the PCR products into the vector.  

Table 3. Primers for amplification of Cluster M Bacteriophages gp1. Highlighted 

sequences are the forward and reverse homologies added.  

Cluster: Phage: Direction: Sequence: 

M1 IPhane7 Forward 5’ – ATGCGGAGGAATCACTTCCATATGAGAACCACACTCACCGCGC – 3’ 

  Reverse 5’ – TGCAGGATCCGACTCGAGTGTCGACTCAGGCTGGCGTGAGCGT – 3’ 

M1 Reindeer Forward 5’ – 

ATGCGGAGGAATCACTTCCATATGAGAACCAAACTCTTCGCACTCATCG 

-3’ 

  Reverse 5’ – TGCAGGATCCGACTCGAGTGTCGACTCAGGCTGGTGTGAGCGTCAG 

– 3’ 

M2 Rey Forward 5’ – ATGCGGAGGAATCACTTCCATATGGGACTCAAAACCGCTGTGC – 3’ 

  Reverse 5’ –TGCAGGATCCGACTCGAGTGTCGACCTACTGGTGGTCGGCGCGA– 3’ 

M3 Nanosmite Forward 5’ –ATGCGGAGGAATCACTTCCATATGAGAGCTGTCTTAGCCGTCTCA– 

3’ 

  Reverse 5’ –TGCAGGATCCGACTCGAGTGTCGACTCAGGCTGGCTGGAGCATC –3’ 

 

Gene(s) of interest, gp1, were amplified via PCR from the following genomes - IPhane7, 

Reindeer, Rey, and Nanosmite – using NEB’s Q5 Hot Start 2x Master Mix 66 to a volume of 

25µL per phage. The PCR reaction was conducted using the following conditions:  
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Table 4. pExTra genes of interest PCR reaction cycles.  

STEP TEMPERATURE  TIME 

Initial Denaturation 98℃ 30 seconds 

29 cycles  98℃  10 seconds 

 63℃ 10 seconds 

 72℃ 25 seconds 

Final Extension 72℃ 2 minutes 

Hold 4℃ ∞ 

 

PCR product verification was performed via gel electrophoresis using the following 

setup: 4 µL of each PCR product was mixed with 2µL 6x dye and loaded onto a 1% agarose gel 

containing a 10µL/100mL concentration of ethidium bromide alongside 10 µL NEB’s 100bp 

standard DNA ladder. The gel was run for 60 minutes at 100 V. Upon verification, pExTra gp1 

PCR products underwent PCR clean up using NEB’s Monarch® PCR & DNA Cleanup Kit (5 μg) 

65, were eluted to 20µL, and stored at -4℃. 

Ligation and Transformation of pExTra Vector and Products. 

 Ligation of the pExTra vector and PCR product clean-ups was performed following 

NEB’s HiFi DNA Assembly Protocol 54. 2µL of 0.06pmol PCR DNA was added to 1µL of 

0.03pmol pExTra vector DNA, 2µL of ddH2O, and 5µL of HiFi Master Mix and placed in the 

thermocycler for 30 minutes at 50℃. Transformation of the pExTra vector and DNA construct 

into chemically competent E. coli cells was done by following the SeaGenes Protocol 2.9: 

Chemical Transformation of Bacteria 63. We proceeded by adding 3µL of pExTra ligation 

mixture into 25µL of c2981 E. coli cells for 10 minutes, followed by heat shock at 42°C for 30 
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seconds, then placed back on ice for 5 minutes. 100µL of SOC media was added to each 

transformation, and the tubes were placed in a shaker at 37° C for 60 minutes. 10µL and 90µL of 

each transformation was plated onto agar plates containing LB plus 50 µg/mL kanamycin. 

Colonies were allowed to incubate overnight at 37 degrees. No growth was observed on the 

10µL, only 90µL plated plates.  

Ligation and Digestion of pMH94 Vector 

To linearize the pMH94 vector, 4µg of the pMH94 vector was digest for 2 hours at 37℃, 

with EcoRI and KpnI following NEB’s standard 50µL digest protocol (Restriction Digest 

Protocol | NEB, n.d.). After digestion, 10µL of CIP was added to the mixture and incubated for 

10 minutes at 37℃ followed by heat inactivation at 80℃ for 2 minutes. The digested vector was 

then purified using NEB’s Monarch DNA Cleanup Kit protocol. The vector was eluted in a final 

volume of 25µL of ddH20 

Traditional Cloning of Genes into pMH94  

Primers were designed in SnapGene to include gp1 and the preceding intergenic region of 

the gene with the addition of an EcoRI site (GAATTC) on the 5’ end of the forward strand plus 

several cytosines, and the addition of a KpnI site (GGTACC) on the 5’ end of the reverse strand 

enabling directional control of gene ligation into the vector.  
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Table 5. Primers for amplification of Cluster M Bacteriophages gp1. Highlighted in blue 

are added cytosines at the 5’ ends. Highlighted in yellow are the EcoRI (GAATTC) and KpnI 

(GGTACC) sites necessary for cloning.  

CLUSTER: PHAGE: DIRECTION: SEQUENCE: 

M1 IPhane7 Forward 5’ – CCCGAATTCCGAACGGCTCCCGCCC – 3’ 

  Reverse 5’ –CCCGGTACCTCAGGCTGGCGTGAGCGT – 3’ 

M1 Reindeer Forward 5’- CCC GAA TTCCGAAGGGCTCCCTGCCCA -3’ 

  Reverse 5’ –CCCGGTACCTCAGGCTGGTGTGAGCGTCAG -3’ 

M2 Rey Forward 5’ – CCCGAATTCCGAAGACAGCTTCTCGCTTGAGC – 3’ 

  Reverse 5’ –CCCGGTACCCTACTGGTGGTCGGCGCGA - 3’ 

M3 Nanosmite Forward 5’ – CCCGAATTCCAAACGGTGCTTCTCGCTTGAGC – 3’ 

  Reverse 5’ –CCCGGTACCTCAGGCTGGCTGGAGCATC – 3’ 

 

Gene(s) of interest, gp1, were then amplified via PCR from the following genomes - 

IPhane7, Reindeer, Rey, and Nanosmite – using NEB’s Q5 Hot Start 2x Master Mix 66 to a 

volume of 25µL per phage. The PCR reaction was conducted using the following conditions:  

Table 6. pMH94 genes of interest PCR reaction cycles.  

STEP TEMPERATURE  TIME 

Initial Denaturation 98℃ 30 seconds 

29 cycles  98℃  10 seconds 

 63℃ 10 seconds 

 72℃ 35 seconds 

Final Extension 72℃ 2 minutes 

Hold 4℃ ∞ 

 

PCR product verification was performed via gel electrophoresis using the following 

setup: 4 µL of each PCR product was mixed with 2µL 6x dye and loaded onto a 1% agarose gel 

containing a 10µL/100mL concentration of ethidium bromide alongside 10 µL of NEB’s 100bp 
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standard DNA ladder. The gel was run for 60 minutes at 100 V. Upon size verification, pMH94 

gp1 PCR products underwent PCR clean up using NEB’s Monarch® PCR & DNA Cleanup Kit  

65 and were eluted in 20µL of sterile nanopureH20. Then 20µL of the cleaned up pMH94 gp1 

PCR products were digested for 2 hours at 37℃, with EcoRI and KpnI following NEB’s 

standard 50µL digest protocol (Restriction Digest Protocol | NEB, n.d.). Upon completion of the 

digest, PCR products were purified using NEB’s DNA clean-up kit 65, eluted in 20µL of 

nanopureH20, and stored at -4℃.  

Ligation and Transformation of PCR products in pMH94 

 Ligation of pMH94 vector and digested PCR products was performed by combining 5µL 

of DNA PCR product,1µL pMH94 vector DNA, 10µL of Quick Ligase buffer and 1µL of Quick 

Ligase and incubated at 37℃ for 5 minutes. Transformation of the pMH94 vector and DNA 

construct into chemically competent E. coli cells was done by adding 3µL of the ligation mixture 

to 50µL of C2981 E. coli cells for 10 minutes, on ice, followed by heat shock at 42°C for 30 

seconds, and placed on ice for 3 minutes. 950µL of SOC media was added to each 

transformation, and the tubes were placed in a shaker at 37° C for 60 minutes. 50µL and 200µL 

of each transformation was plated onto agar plates containing LB plus 50 µg/mL kanamycin. 

Colonies were allowed to incubate overnight at 37 degrees.   

Colony Screening 

 Colony PCR was performed to ensure correctly ligated clones in both pMH94 and 

pExTra constructs. In pMH94, forward and reverse primers were designed to sit approximately 

100bps before the EcoRI site and after the KpnI sites. In pExTra, vector primers uni_F and 
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uni_R were used for the PCR reaction and designed to sit 16bp and 47bp before IPhane7 gp1 

respectively. 

PCR reaction mixtures were created by combining 6.25µL 2x OneTaq DNA polymerase 

to 0.25µL forward and 0.25µL reverse primers, selecting a colony from each transformed plate 

and adding it to the mixture tube, and adding 5.75µL ddH2O to a total volume of 12.5µL. PCR 

reaction weas carried out using the following conditions: 

Table 7. PCR reaction cycles for vectors pMH94 and pExTra Colony PCRs.  

STEP TEMPERATURE  TIME 

Initial Denaturation 94℃ 5 minutes 

30 cycles  94℃  30 seconds 

 63℃ 45 seconds 

 68℃ 75 seconds (in pMH94) 

60 seconds (in pExTra) 

Final Extension 68℃ 5 minutes 

Hold 4℃ ∞ 

 

The correct size of each PCR product was confirmed by running 6µL of mixed with 4µL 

6x dye on a 1% agarose gel containing a 10uL/100mL concentration of ethidium bromide 

alongside NEB’s 100bp standard DNA ladder. Colonies that were screened were archived on an 

LB plate prior to being added to the PCR mixture. A pipette tip was touched to each colony then 

was gently scraped across a fresh LB agar plate containing 50ug/ml concentration of kanamycin, 

the pipette tip was then shaken into each PCR reaction. This was left to incubate at 37°C 

overnight. Positive clone confirmation was completed using Sanger sequencing. Positive 
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colonies were transferred in to 5mL LB plus 50µg/mL Kanamycin and grown to saturation at 37° 

C overnight in the shaking incubator. Plasmid DNA was purified using NEB’s Monarch Plasmid 

DNA Miniprep Kit 50 prior to Sanger sequencing.  

Electroporation of Plasmids into M. smegmatis 

 pMH94 vector, pMH94 vector + genes of interest, pExTra vector, and pExTra vector + 

genes of interest were then electroporated into 50µL of electrocompetent M. smegmatis cells that 

had been thawed on ice. 1µL of plasmid from each of the samples listed was added to 50µL of 

electrocompetent cells and incubated on ice for 10 minutes. Cells from each microtube were then 

transferred to 1mm cuvettes that had been cooled on ice. Cells in the cuvette were then 

electroporated using standard E. coli 1mm settings, and then promptly placed back on ice. 1mL 

of 7H9 media – 9mL 7H9 neat, 1mL AD Supplement, 100µL CaCl2 at 100mM – was then added 

to the cuvette containing the electroporated cells. The mixture was swooshed in the cuvette to 

ensure the cells were retrieved from the cuvette, and then transferred from the cuvette to an 

Eppendorf tube. This process was performed for all samples. Once all samples had been 

electroporated and 7H9 media added, they were placed at 37℃ for 2 hours in a shaking 

incubator. After two hours, 100µL was plated onto 7H9 agar plates containing 5ug/mL 

kanamycin and placed at 37℃ for 4 days. Colonies on the plates were picked with a pipette tip 

and transferred to a test tube with 5mL of 7H9 media with Tween80 (20%) (4.5 mL 7H9 neat, 

0.5 mL AD supplement, 50uL CaCl2, 12.5uL tween 0.5uL kanamycin (50µg/mL). These 

reaction tubes incubated in a 37°C shaker for 48 hours. The samples were archived at -80℃ in a 

mixture of 0.5mL culture and 0.5mL 40% glycerol.  

Defense Assays  
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Viral Purification 

 Prior to beginning viral challenge assays, our viral panel needed to be verified for purity 

and identity of the phage stocks received in the Gainey Laboratory for the following phages: 

Che9c, Xeno, Phayonce, Charlie, and Island3. Primers were designed in SnapGene for each 

phage that included unique features of each genome that only that respective phage possessed to 

test for identity. All primers were designed to encompass between 400bp – 800bp of each 

genome and have an average annealing temperature of 63℃ – Che9c (670bp), Xeno (799bp), 

Phayonce (617bp), Charlie (775bp), and Island3 (428bp). PCR reaction mixtures were set up as 

followed: 12.5µL OneTaq 2x DNA polymerase Master Mix, 0.5µL of 10µM forward primer and 

0.5µL of 10µM reverse primer, 1µL of DNA template obtained from boiled phage cultures, and 

10.5µL ddH2O to a total volume of 25µL.  

Table 8. PCR reaction cycles for Viral Panel PCR Verification. 

STEP TEMPERATURE  TIME 

Initial Denaturation 94℃ 30 seconds 

30 cycles  94℃  30 seconds 

 63℃ 45 seconds 

 68℃ 75 seconds  

Final Extension 68℃ 5 minutes 

Hold 4℃ ∞ 

  

Amplification of the correct size PCR products was confirmed by running 6µL of each 

PCR product from the 25µL total PCR volume mixed with 8µL 6x dye on a 1% agarose gel 

containing a 10uL/100mL concentration of ethidium bromide alongside NEB’s 100bp standard 
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DNA ladder. Upon successful confirmation of viral stocks, viral stocks were then titered to the 

same concentrations.  

Viral Titer  

The following bacteriophages were obtained from stocks in the Gainey laboratory and 

titered to 1x109 concentrations for experimental use: IPhane7, Bongo, Reindeer, Rey, PegLeg, 

Nanosmite, Che9c, Xeno, Phayonce, Charlie, and Island3. Each phage was serial diluted in 

phage buffer to 10-8. 2µL of each dilution was pipetted onto top agar mixed with M. smegmatis 

using a multi-channel micro-pipette. Plates were incubated at 37℃ for 48 hours, except for Rey 

who was incubated at 30℃ for 48 hours. At lower dilutions of virus, individual plaques can be 

counted. From the number of individual plaques formed in a single 2µL droplet of diluted viral 

stock, the concentration of the viral stock can be calculated in plaque forming units (PFU)/mL. 

The number of plaques formed in a 2µL droplet of serial diluted viral stock is multiplied by 10n, 

where n is the number of dilutions away from the stock the in the serial dilution the droplet came 

from, to calculate the number of plaque forming units in 2µL of the stock solution. This was then 

divided by 0.002mL to give the number of PFU’s in 1mL of stock solution. This titer was done 

in triplicate and the average concentration was taken.  

# 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

0.002𝑚𝐿
 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑋 𝑃𝐹𝑈/𝑚𝐿 

Viral stocks were then diluted to 1x109 PFU/mL in phage buffer for experimental use.  

Defense Immunity Assays 

 In pMH94. 
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After electroporation, colonies formed on electroporated plates were picked with a pipette 

tip and transferred to a test tube with 2mL of 7H9 media with Tween80 (20%) (9mL 7H9 neat, 

1mL AD supplement, 100µL CaCl2, 25µL tween 1µL kanamycin (50µg/mL) at a total volume 

of 10mL to be used in 2mL increments for experimentation). These reaction tubes incubated in a 

37°C shaker for 48 hours. 50µL of the culture was then transferred into the same mixture of 7H9 

media containing no Tween80 (20%) and incubated in a 37° C shaker for 48 hours. After the 48 

hours, top agar was prepared by combining 25mL warm 2x Top Agar, 25mL 7H9 neat, 0.5mL 

100mM CaCl2, and 5µL kanamycin. While still warm (55°C) 4mL top agar was mixed with 

1mL of the 7H9 media culture and pipetted onto 7H9 agar plates containing kanamycin 

(50µg/mL) and allowed to solidify. A control plate containing only M. smegmatis + vector 

electroporated cells was used. Serial dilutions to 10-8 in phage buffer were performed for each 

phage and 2µL of each dilution was spotted onto the plate using a multi-channel micropipette. 

Spots were allowed to dry completely and then plates were inverted and incubated at 37℃ for 72 

hours, then imaged. Exceptions to incubating temperatures apply for bacteriophage Rey (M2), 

who is incubated at 30℃ in all experiments.  

 In pExTra. 

All defense assays were performed following the SeaGenes Protocol 3.3: Defense Assay 

64(p3) involving pExTra experimentation. After electroporation, colonies formed on electroporated 

plates were picked with a pipette tip and transferred to a test tube with 2mL of 7H9 media with 

Tween80 (20%) (9mL 7H9 neat, 1mL AD supplement, 100µL CaCl2, 25µL tween 1µL 

kanamycin (50µg/mL) at a total volume of 10mL to be used in 2mL increments for 

experimentation). These reaction tubes incubated in a 37°C shaker for 48 hours. 50µL of the 

culture was then transferred into two tubes, one containing 5µL (50µg/mL) of aTc inducer and 
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one without aTc, with the same mixture of 7H9 media containing no Tween80 (20%) to a 

volume of 2mL per tube and incubated in a 37° C shaker for 48 hours. After the 48 hours, top 

agar was prepared by combining 25mL warm 2x Top Agar, 25mL 7H9 neat, 0.5mL 100mM 

CaCl2, and 5µL kanamycin. While still warm (55°C) 4mL top agar was mixed with 1mL of the 

7H9 media culture containing no aTc and pipetted onto 7H9 agar plates containing kanamycin 

(50µg/mL) and allowed to solidify. Mixtures that contained aTc during the no tween incubation 

were plated on 7H9 agar plates containing kanamycin (50µg/mL) and aTc (50µg/mL) and 

allowed to solidify A control plate containing only M. smegmatis + vector electroporated cells 

was used, one that was incubated with aTc and one without aTc. Serial dilutions to 10-8 in phage 

buffer were performed for each phage and 2µL of each dilution was spotted onto the plate using 

a multi-channel micropipette. Spots were allowed to dry completely and then plates were 

inverted and incubated at 37℃ for 72 hours, then imaged. Exceptions to incubating temperatures 

apply for bacteriophage Rey (M2), who is incubated at 30℃ in all experiments.  
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CHAPTER TWO: RESULTS OF CLUSTER M LYSOGENY ANALYSIS 

Determining the Defense Profiles of Cluster M Lysogens 

In an effort to investigate the defense profiles of Cluster M lysogens, two independent 

defense profile challenge experiments were conducted using an in-house panel of Cluster M 

bacteriophages to evaluate possible homoimmunity to fellow cluster M members, and then a 

viral panel consisting of phages not belonging to Cluster M to test for heteroimmunities.  

A former graduate student in the Gainey lab, Erin Cafferty, had previously created IPhane7 

(M1), Rey (M2), and Nanosmite (M3) lysogens. To get a holistic view of all M subclusters – 

M1, M2, and M3 – defense capabilities, Reindeer (M1) and PegLeg (M1) lysogens were created 

by Montana Henson. Reindeer and PegLeg were chosen to encompass the genomic difference 

amongst cluster M1 phages.  

Creating Lysogens 

 

Figure 12. Growing bacteriophages Reindeer (M1) and PegLeg (M1) to obtain mesas. On 

a lawn of host M. smegmatis cells, serial dilutions of 10-4 were performed for each phage and 

5µl spotted on each plate then incubated for several days at 37℃. A mesa is recognizable in 
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all PegLeg dilutions and in all Reindeer dilutions. Cells were obtained from the mesas in both 

PegLeg and Reindeer100 dilutions and streaked onto a new plate and incubated for 2-4 days 

at 37℃.  

 

 A lysogen is a bacterium that contains the bacteriophage genome. To begin, serial 

dilutions of phages Reindeer and PegLeg were spotted on a lawn of host cells and allowed to 

incubate for several days. The plates were checked daily for an overgrowth of bacterial cells in 

the zone of clearing. The turbid ‘overgrowth’ that appears as a very cloudy center spot 

surrounded by clearing is called a ‘mesa;’ this represents cell growth in the presence of a phage 

and will yield lysogens of each phage desired. Cells from each phage’s mesa are streaked onto a 

new plate. From the streaked plate, five colonies were chosen to undergo triple purification via 

patch tests. A patch test utilized two plates, one 7H9 plate and one containing a lawn of host cells 

and allows for the determination of putative lysogens.  

      

 
Figure 13. A plate containing PegLeg lysogen colonies obtained from the streaked plate 

using the mesa cells from the plate in Figure 12. Plate 1 is patches of 5 individual colonies 

streaked on a 7H9 plate (Plate 1) and a M. smegmatis lawn (plate 2). Patches 1-5 show phage 

release. Cells from Plate 1 were used for further purification.  

 

Plate 1 Plate 2 
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 Once cells from a streaked plate have undergone a patch test, two colonies from each 

patch test were carried forward for further rounds of purification. Three rounds of purification 

were performed for two candidate Reindeer and PegLeg lysogens, which are referred to as 

PegLeg #1 and #2, and Reindeer #1 and #2 in all Lysogen challenge experiments conducted.  

Verification of Viral Panel  

 In order to begin viral challenges, verification of our viral panel was necessary. Our viral 

panel consisted of bacteriophages Charlie (N), Xeno (N), Phayonce (P), Island3 (I1), and Che9C 

(I2). These phages were selected based on certain criteria including the inclusion or lack of a 

minor tail protein (gene 30 in IPhane7, Pham 44634) and accessibility to the lab. Charlie 

(gene20) is the only phage that possesses the desired minor tail protein; Xeno, Phayonce, 

Island3, and Che9C do not possess the gene notated by Pham 44634. Once the viral panel was 

verified (Figure 14), each virus was serial diluted to titer the stock to 10-9 viral concentrations. 
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Figure 14. Ethidium Bromide 1% Agarose Gel image of viral panel verification using a 

100bp DNA Ladder (5µl) in lane 1. Lane 2 is Che9C expected length 670bp. Lane 3 is Xeno 

with expected length 799bp. Lane 4 is Phayonce with expected length 617bp. Lane 5 is Charlie 

with expected length 775bp. Lane 6 is Island3 with expected length 428bp.  

 

Lysogen Challenges 

Two lysogen challenge experiments were conducted using a Cluster M panel (Figure 15) 

and Viral Challenge panel (Figure 16); each challenge experiment was performed in duplicate. 

During the lysogen challenges, two lysogen candidates of PegLeg and Reindeer were used to 

function as controls to ensure purity and consistence between the lysogens that were created in 

vivo. Both lysogens, #1 and #2 respectively for PegLeg and Reindeer, displayed equivalent 

results in each challenge. 

 

Figure 15. Lysogen Challenge results for Cluster M bacteriophages. Top agar layers 

containing the indicated lysogen cells were challenged with the indicated cluster M viruses – 

IPhane7, Bongo, PegLeg, and Reindeer (M1), Rey (M2), and Nanosmite (M3). Serial dilutions to 

10-8 were performed for each phage. Incubated at 30℃ for 72 hours, then imaged. These results 

are representative of two independent experiments that were performed in duplicate for the 

Cluster M Panel. The # next to each lysogen indicates the clone used.  
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 The Cluster M Panel consisted of IPhane7, Bongo, PegLeg, Reindeer (M1), Rey (M2), 

and Nanosmite (M3). The cluster M lysogen challenge displayed selective inhibition between the 

subclusters and appeared to be phage specific. The experiment showed that all appeared to be 

homoimmune, except for PegLeg and Rey phage infections. Rey (M2) exhibited the ability to 

infect PegLeg lysogens #1 and #2, and IPhane7 lysogen with no log inhibition. Rey showed 

subtle infection of Reindeer #1 & #2 with an approximate 10-2 log inhibition. PegLeg (M1) 

exhibited the ability to infect IPhane7 lysogen with an approximate 10-4 log inhibition and Rey 

lysogen with a 10-5 log inhibition. PegLeg displayed the ability to infect the Nanosmite lysogens 

with no logs inhibited.  

Figure 16. Lysogen Challenge results for Viral Panel bacteriophages. Top agar layers containing 

the indicated lysogen cells were challenged with the indicated viral panel viruses – Charlie (N), 

Xeno (N), Phayonce (P5), Island3 (I1), and Che9c (I2). Serial dilutions to 10-8 were performed 

for each phage. Incubated at 37℃ for 72 hours, then imaged. These results are representative of 

two independent experiments that were performed in duplicate for the Viral Panel. The # next to 

each lysogen indicates the clone used. 
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 No inhibition was observed from any Cluster M lysogen against the viral panel. Charlie, 

Xeno, Phayonce, Island3, and Che9C were all able to effectively infect each of the cluster M 

lysogens in Figure 16. These results indicate that no heteroimmunity is observed, and that phage 

infection is possible by the following cluster N, P5, I1, and I2 phages. Cluster M lysogens do not 

appear to confer immunity to infection from phages that are not members of Cluster M, based on 

this panel.  

 

Determining the Prophage Integration site of Bacteriophage IPhane7 in Mycobacterium 

smegmatis mc2155 

Cluster M bacteriophage IPhane7’s prophage integration site was determined via whole 

genome sequencing of an IPhane7 lysogen and the subsequent analysis of contigs using NCBI’s 

BLASTn to locate IPhane7/M. smegmatis genome junctions within the lysogen. 

 

Figure 17. IPhane7 prophage integration in Mycobacterium smegmatis mc2 155. The 

location of the attP and attB sites are shown in this SnapGene map of IPhane7’s prophage 

integration into Mycobacterium smegmatis mc2 155. attL will be referred to as Junction 1, and 

attR will be referred to as Junction 2 as displayed from left to right in the map. Arrows indicate 

the directionality of the genome, such as IPhane7’s genome (in red) starts with 1bp at the blunt 

end and ends at its 81,036bp coordinates. M. smeg’s genome (in grey) is not complete but 

provides a zoomed in view of the genomic regions encompassed by the junctions. SnapGene 

software (www.snapgene.com) 

 

https://www.snapgene.com/
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Figure 18. A figure displaying the process of IPhane7 viral integration into host cell M. 

smegmatis mc2155. attP and attB sites are located in both junctions because they are split 

during the process of integration. Zoomed in look at the specific nucleotide sequence of the 

junctions is provided to display the single nucleotide difference between the shared 9mers 

that appears to aide in integration directionality. Created with BioRender.com 

 

 IPhane7 lysogen was mapped to the following coordinates in Mycobacterium smegmatis 

mc2 155. Partial assembly resulted in 586 contigs. Each contig was individually investigated for 

presence of IPhane7’s genome via NCBI’s BLASTn. Seven of the 586 contigs were found to 

contain IPhane7 genomic sequence (contigs 14, 20, 67, 79, 194, 212, and 445). The seven 

contigs identified were then mapped to the respective genome they aligned to – either IPhane7 or 

Mycobacterium smegmatis mc2 155, or both due to junction locations – and a universal 

integration map was created as seen in Figure 17. Due to limitations in SnapGene software 

version used, the entire genome of Mycobacterium smegmatis mc2 155 was unable to be included 

in the map; thus, only a portion of Mycobacterium smegmatis mc2 155 where the attB site is 

shown. Contigs 79, 194, 212, and 445 mapped only to IPhane7’s genome.  
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Contigs 14 and 67 mapped to both M. smegmatis and IPhane7, allowing us to determine 

the prophage junctions. The attP and attB sites of Junction 1 and Junction 2 are shown in Figure 

18. The two areas of overlap that serve as the junctions for IPhane7 and Mycobacterium 

smegmatis mc2 155 share a 9mer that differs only in one nucleotide respective to each junction. It 

is important to note that each Junction, 1 and 2, both contain attP and attB sites because both 

genomes are splitting at each Junction. However, there is a single nucleotide difference that 

appears to aide in directionality and integration for IPhane7’s prophage.  

The 9mer observed in Junction 1, CGAGATCAA, was identified in IPhane7 and contig 

67. The 9mer observed in Junction 2, CGACATCAA, was identified in M. smegmatis and contig 

14. However, one can see that Junction 1 falls within contig 14, while Junction 2 is found within 

contig 67. This is to be expected. Junction 1in Figure 18 displays an overlap with the attP 9mer 

sequence found in contig 67 which originates from IPhane7’s genome, due to the mechanism of 

how a prophage integrates via a loop-flip mechanism that reverses the ends of the prophage 

attachment sites, as observed in Figure 18. Similarly, attB 9mer sequence found in M. 

smegmatis’s genome (contig 14) is located in Junction 2, confirming the ‘flipping of the ends’ 

that occurs during integration. Confirmation of attP and attB sites for Junction 1 and 2 was 

performed via PCR amplification of the junctions and subsequent Sanger sequencing.  

 

Discussion of Cluster M Lysogeny Analysis 

Discussion of Cluster M Lysogen Challenges   

Temperate phages control lytic gene expression during lysogeny via encoded immunity 

systems that suppress viral genes using an encoded repressor gene, and express genes responsible 

for lysogeny. Once lysogeny is established by the infecting phage, the host remains susceptible 

to superinfection via a second round of infection by another phage 48. A genetic spectrum of 
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various phages may attempt infection of the lysogen whose genomes are closely related 

(homotypic), moderately related (mesotypic), or unrelated (heterotypic) to the resident prophage 

48. As a result, evolutionary differences have risen in an effort to maintain lysogeny while 

simultaneously defending against superinfecting phages48. 

The results of the cluster M lysogen challenges experiments helped to confirm the homo-

immunity and hetero-immunity properties of the cluster M lysogens. The inclusion of phages 

from each subcluster – M1, M2, and M3 – allowed for preliminary analysis of each subclusters 

ability to defend against one another. While two lysogen candidates of PegLeg (M1) and 

Reindeer (M1) were used throughout both experiments, each candidate was observed to have 

comparably identical results; this confirmed the purification and validity of the lysogens created. 

In this section, homo-immunity will be identified as the ability to defend against other 

genetically similar phage infection, such that IPhane7 (M1) may defend against a Reindeer (M1) 

infection, and as the ability to defend against infection by itself – such that IPhane7 may defend 

against infection by another IPhane7. 

 The cluster M lysogen panel used for the challenge specifically consisted of a broad panel 

of the cluster to allow for optimal results. When each lysogen was challenged with its phage 

form, such that bacteriophage IPhane7 was attempting to infect an IPhane7 lysogen, it was 

unsuccessful. The results showed that all phages are homo-immune to genetically identical phage 

infections – themselves – such that they may not infect a lysogen containing a prophage of itself. 

This observation confirms that each prophage expresses defense genes that inhibit viral infection 

of the same phage, thus ensuring that only one individual phage may infect and establish 

lysogeny in a bacterial genome for its own species. This is to be expected as lysogens are 

characteristically immune to superinfection of the same phage by the phenomena where the 
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prophage-expressed repressor will down regulate any newly introduced genomes of the same 

phage 21.  

Differences amongst defense capabilities were observed among challenges between 

different phages. The results display specific homo-immunities amongst the cluster M 

bacteriophages. Notably, cluster M1 lysogens PegLeg and Reindeer displayed the ability to 

defend against all other cluster M1 and M3 members. However, cluster M1 IPhane7 lysogen was 

able to defend against all cluster M1 infections except for slightly inhibited infection of PegLeg. 

PegLeg (M1) has the capacity to slightly overcome IPhane7 prophage defense mechanisms and 

pursue hindered infection of the IPhane7 lysogen. When analyzing the genetic sequence 

similarities between IPhane7 and Pegleg, they fall into the category of mesotypic. The two 

phages of are relatively similar genomes but containing subtle nucleotide dissimilarities that may 

result in the observed incomplete superinfection results we see. Complete immunity of fellow 

cluster M1 and M3 phages is observed in PegLeg, Reindeer, and IPhane7 lysogens, except for 

phage PegLeg having the ability to infect the IPhane7 lysogen with approximately 10-4 log 

inhibition.  

Interestingly, no cluster M1 was able to defend against infection by phage Rey (M2). 

Only Rey (M2) and Nanosmite (M3) lysogens were able to defend against Rey infections. When 

comparing notable areas of interest in relation to prophage-mediated defense genes under 

investigation expressed during lysogeny in cluster M phages, it is observed that while PegLeg, 

Rey, and Nanosmite have conserved areas of sequence around gene 2 in their genomes. Rey and 

Nanosmite possess dissimilar sequences for the genome around gene 1 of these phages, as seen 

in Figure 19; however, this does not appear to affect the ability to defend against superinfection 

of each other. Nanosmite lysogen is unable to defend against PegLeg phage infection, which may 
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be a result of their genomic differences, in relation to gene 1 and other regions of their genomes, 

that do not genetically interact, resulting in symmetric infection phenotypes 48. PegLeg’s ability 

to fully overcome Nanosmite prophage defense genes could correlate with the possession of 

different gene 1 sequences. Rey lysogen exhibits slight inhibition of PegLeg infection with an 

approximate 10-2 log inhibition, displaying that the two contain genetically related but distinct 

genetic elements leading to incomplete immunity phenotypes. It is also of interest to note the 

difference in possession of the minor tail protein (IPhane7 gene 30 for reference) amongst these 

four phages. Of the minor tail proteins, IPhane7 and PegLeg encode the same minor tail protein, 

gene 30 (pham 68831), while Rey and Nanosmite encode different minor tail proteins, gene 34 

(pham 41088). Differences amongst these minor tail proteins may also play a role in the 

inhibitions and selectivity observed amongst the Cluster M’s of interest. 

 

Figure 19. A snapshot view of the beginning of the genome of phages IPhane7, PegLeg, 

Rey, and Nanosmite displaying nucleotide sequence similarities and differences. Areas colored 

in purple signify high percentages of shared sequence similarities, while descending colors show 

areas of somewhat similarities and white signifies no sequence similarity. Image taken from 

phamerator.org. Red boxes are placed around genes of interest: genes 1, 2, 30, and 34. 
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 While the cluster M lysogen challenge against a panel of cluster M bacteriophages 

displayed the specificity of homo-immune capabilities of the lysogens, experiments against a 

viral panel containing phages from genetically different clusters displayed different results. As 

seen in Figure 16, no inhibition was observed from any of the cluster M lysogens. All viral panel 

members, Charlie (N), Xeno (N), Phayonce (P5), Island3 (I1), and Che9c (I2), were able to 

overcome any prophage-mediated defense genes expressed by cluster M lysogens. The results of 

these experiments aide in the conclusion that cluster M prophage defense mechanisms are 

seemingly cluster M phage specific and may not confer any hetero-immunity to phages outside 

of the cluster M members. However, absolute conclusion of this is unable to drawn at this time 

based on the size of our viral panel. To truly assess the ability of cluster M lysogens to defend 

against members of other cluster, one would want to perform this challenge amongst a broad 

panel of phages from a multitude of clusters. While we challenged select cluster M lysogens 

against phages from clusters N, P5, I1, and I2, there are more than 32+ other genetic clusters that 

should be observed before drawing a definitive conclusion.  

Discussion of IPhane7 Prophage Integration   

Cluster M bacteriophage IPhane7’s prophage integration site was determined via whole 

genome sequencing of an IPhane7 lysogen (#1) that was previously created in the Gainey 

laboratory. Subsequent analysis of assembled contigs using NCBI’s BLASTn allowed for 

location of the attP and attB sites. IPhane7 has been identified to possess a serine integrase gene, 

gene 129 (Pham 54044), in the right hand of its genome. As expected with Int-S systems, the 

junction sites were observed to contain a short, unique 9bp sequence, the common core, that 

served as the overlapping sequencing for the two genomes to integrate. The two junctions 

contained an almost identical 9mer, only differing in 1 nucleotide. As observed in Figure 18, the 
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9mer CGAGATCAA in Junction 1 aligns to IPhane7 genomic sequence, while Junction 2’s 9mer 

CGACATCAA aligns to M. smegmatis genomic sequence. IPhane7’s genome splits at 79,260bp, 

found roughly 112bp after the last gene (156). Of relative importance, cluster M-Like prophages 

have been observed in human M. abscessus infection isolates that are resistant to antibiotic 

treatment, identified as MabI prophages 16. Interestingly, cluster MabI and MabJ that have been 

identified in the M. abscessus isolates share similarity to cluster M and A mycobacteriophages, 

respectively 16,48,62 (see Figure 6 for genomic similarities of MabI to Cluster M). The MabI 

prophages were identified to interrupt an ORF within genes MAB_3230 at the attB-9 site and 

MAB_3265 at the attB-17 site. Similarly, the IPhane7 prophage has been identified to integrate 

within gene LJ00_08275, an exodeoxyribonuclease III, as seen in Figure 20. The effects upon 

interruption of the exodeoxyribonuclease III have not been investigated, such as rendering the 

protein ineffective or enabling the transcription of a different protein based on the shortened 

gene. 

 

Figure 20. M. smegmatis attB site located within ORF encoding for an 

exodeoxyribonuclease III. M. smegmatis genome is signified by double-stranded black lines, and 

genes denoted in blue.  

 

 Bioinformatic analysis shows that the attB site 9mer, CGACATCAA, appears at 187 

other sites in M. smegmatis mc2155, and the attP site 9mer, CGAGATCAA, appears in 3 sites in 

IPhane7. When the IPhane7 attP site is extended to a 12mer, GATCGAGATCAA, to include the 

three preceding nucleotides italicized, there is only one site at which this sequence occurs – our 
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attP. When the M. smegmatis attB site is extended to include a 12 mer, 

GAACGACATCAAGAA, to include the three preceding nucleotides italicized, there is only two 

sites at which this sequence occurs. Consequently, when including the three preceding and three 

following nucleotides italicized, GAACGACATCAAGAA, there is only one site at which this 

15mer sequence occurs in the M. smegmatis genome – our attB. It is unknown at this time of the 

possible roles that the nucleotides immediately surrounding the identified common core 

sequence play in site specific integration, but there is suspicion of their possible roles in aiding of 

the site-specific recombination efforts.  

A recently proposed model for serine integrase-mediated recombination displays that 

during viral integration, an integrase (Int) dimer binds to specific ‘attachment site sequences’ in 

the phage (attP) and host (attB) DNA 70. The Int-attP and Int-attB complexes form tetrameric 

intermediates, whereby all four substrate DNA strands are cleaved and the Int subunits 

covalently bond to their corresponding DNA half-sites 26. By rotating the two Int-DNA subunits 

180° in respect to the other two subunits, strand exchange occurs and the re-aligned DNA half-

sites are ligated to generate new attachment sites referred to as attL and attR 45 as displayed in 

Figure 21.  
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Figure 21. Recently proposed model of the integration reaction catalyzed by serine 

integrases. Firstly, integrase (Int) dimers bind to specific sequences in the phage (attP) and host 

(attB) DNA. The Int–attP and Int–attB complexes are conformationally distinct due to different 

positioning of a zinc ribbon domain (ZD). Secondly, Int–attP and Int–attB associate to form a 

synaptic complex that is stabilized by interactions between coiled-coil (CC) motifs. Thirdly, the 

Int subunits cleave all four DNA strands at the central dinucleotide, forming 5′-phosphoserine 

linkages between integrase subunits and DNA half-sites (not illustrated) and generating 3′-

dinucleotide overhangs. Fourthly, The P′ and B′-linked subunits can exchange places by rotating 

180° about a horizontal axis relative to the P and B-linked subunits. Fifthly, base-pairing 

between the central dinucleotides promotes ligation of the DNA strands, resulting in formation of 

two new attachment sites, attL and attR. Finally, the unique arrangement of ZDs in 

the attL and attR sites allows the CC motifs to form intra-molecular interactions that prevent the 

reaction from running efficiently in the reverse direction. NTD: N-terminal catalytic domain 

(cyan); RD: recombinase domain (magenta); ZD: zinc ribbon domain (green); CC: coiled-coil 

motif (blue). Note figure and description adapted from 70.  

 

Studies investigating the structure of the C-terminal domain (CTD) bound to its attP half-

site in the Listeria innocua prophage integrase (LI integrase) revealed how serine integrases bind 

to attB sites and how the attP and attB binding modes differ 71. The CTD, comprised of three 

structural domains: a recombinase domain (RD), a zinc-ribbon domain (ZD), and an extended 

coiled-coil motif (CC) which is embedded in the ZD,  contains a majority of the enzyme’s DNA-

binding functionality and is therefore primarily responsible for the attachment-site specificity 70.  
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Alignments of attP versus attB sequences for a number of serine integrase systems reveal 

that the innermost 13-bp do share considerable similarity, however, overall similarity of the short 

40-50bp attachment site is not as significant, which allows for simple manipulations of substrates 

70,71. Sites share only limited sequence similarity in most systems, yet the same serine 

recombinase dimer binds to both attP and attB sites with high affinity, as seen in the 

bacteriophage φC31 and Bxb1 integrase systems 71. It is suspected that the surrounding 

sequences to IPhane7’s attP and attB common core sequences play a significant role in specific 

site recognition for the respective Int dimers at each site. 

The differences between the integrase– attP and integrase– attB complexes are key to 

understanding how the serine recombinase enzymes function and is an important goal within the 

field. As serine integrase systems are further examined, a deeper understanding may be achieved 

on how these systems function in various phages. A deeper investigation on the serine integrase 

system particular to IPhane7 would shed light on the intricacies of integration and aide in 

discovering why might IPhane7 integrate at the identified site in this study, versus the 187 other 

attB common core sites or 3 other attP common core sites observed.  

Bacteriophage therapy for antibiotic resistant M. abscessus infections has become a 

beneficial avenue, and cluster M-like prophages therefore have become of peak interest. 

However, little is known about how cluster M phages establish lysogeny and what prophage-

mediated defense genes they may express. Thus, the important of the identification of cluster M 

IPhane7’s integration sites become of elevated importance, especially with the inability of 

bioinformatically identifying serine integrase systems. The unusual properties of serine 

integrases including recombination directionality manipulation via simplistic site sequence 

requirements are leading to development as efficient and versatile tools with applications in 
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experimental biology, biotechnology, and gene therapy 81. Further investigations focused on 

integration sites involving other cluster M members would be of interest to field to allow for a 

greater understanding of Int-S systems as well as cluster M integration site characteristics. 
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CHAPTER THREE: RESULTS OF CLUSTER M PROPHAGE-MEDIATED DEFENSE 

GENES ANALYSIS 

Investigation of Defense Escape Mutants That May Overcome IPhane7’s gp1 and gp2 

Defense Mechanisms  

Assembly of IPhane7 gp1/gp2 Defense Escape Mutants (DEMS), previously sequenced 

in the Gainey Laboratory, led to the discovery of insertions, deletions, point mutations, and 

truncations in Samples 7-12, with Sample 1 as the control IPhane7 genome. The profile of 

mutations, in Table 9, confer defense escape phenotypes that provide compelling evidence for 

specific genes that are required for the IPhane7 gp1/2 system to inhibit IPhane7 superinfection.  
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 Table 9. A table containing the Mutations observed in the IPhane7 DEMs Samples. The 

table contains color coordinates that coincide with the colored asterisks in Figure 22. 
Color  Sample #: Mutations Observed: 

DEM 1 Sample 1 1.1: 25981: G/A: Point mutation: Changes a Valine to a Methionine  

1.2: 37204-06: Query C --/ Sub GGG: Proline (CCT) to insert Glycine (GGG) (intergenic)  

1.3: 37208: Query T/ Sub A 

1.4: 37211: Query -/ Sub T 

1.5: 37213-14: Query --/ GA 

DEM 2 Sample 2 2.1: 26018: Query T/ Sub C; Amino Acid change: GTG calls Valine, GCG calls Alanine  

2.2: Insertion at 75225/75226: Q --/ Sub CG; Truncation 

DEM 3 Sample 3 3.1: 26018: Query T/ Sub C; Amino Acid change: GTG calls Valine, GCG calls Alanine  

3.2: Insertion at 75198/75199: Q --/ Sub CT; Truncation 

DEM 4 Sample 4 4.1: 26018: Query T/ Sub C; Amino Acid change: GTG calls Valine, GCG calls Alanine  

4.2: 75928: Query G/ Sub T  

DEM 5 Sample 5 5.1:  Mutation at 26018: Query T/ Sub C; Amino Acid change: GTG calls Valine, GCG calls Alanine  

5.2: Mutation at 75056: Query C/ Sub A; Amino acid change: GAG calls E, TAG: Stop  

DEM 6 Sample 6 6.1: Mutation at 26018: Query T/ Sub C –; Amino Acid change: GTG calls Valine, GCG calls Alanine  

6.2: Mutation at 37195: Query C/ Sub T; INTERGENIC Right before CR2-3 37219-37230 (-) 
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Figure 22. IPhane7 genome map indicating locations of IPhane7 DEMs. Colored 

asterisks denote the location of observed mutations and correlate with the color key found in 

Table 9.  

 

 

Upon sequencing of the IPhane7 DEMs, a plethora of mutations were observed and 

characterized in Table 9 and identified on a genomic map of IPhane7 in Figure 22. Notably, 

sample 1 contained the highest number of mutations (5), while samples 2-6 contained two. While 

substitutions and insertions 1.3-1.5 did not result in amino acids changes, mutations 1.1 and 1.2 

did; however, mutation 1.2 falls within a non-coding region and does not concern gene product 

structure. Mutation 1.1 is a point mutation results in a change from a valine to methionine and 

falls within gene 30 (pham 52895 as of 11/17/22) that encodes a minor tail protein. Interestingly, 

Samples 2-6 have identical mutations at coordinate 26018bp, which falls within gene 30 (pham 

52895 as of 11/17/22) as well. Samples 2.2, 3.2, 4.2, and 5.2 observe their second mutations 

within the same region of the right arm around coordinate 75000bp. Sample 6.2 mutation is 

noted to match mutation locations of 1.3-1.5.  

Investigation into IPhane7’s gp1 Function 
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Figure 23. Predicted tertiary structure generated by AlphaFold of IPhane7’s gp1 protein. 

A conglomeration of beta sheets with a predicted secreted signal sequence represented by the 

long singular strand of amino acids.  

 

 

Only 97 aa in length, IPhane7’s gp1 was predicted to poses a Sec-signal peptide with a 

cleavage between aa 24 and 25. A TOPCONS report was generated for IPhane7 gp1 protein 

sequence. The report displays a unanimous opinion of a signal peptide at the beginning of the 

gene by all the programs: TOPCONS, OCTOPUS, Philius, PolyPhobius, SPOCTOPUS, and 

SCAMPI who was similar with a slightly different generation. Based on the observed secreted 

signal peptide in cluster M gp1’s, we hypothesized a link to gp1 as a defense mechanism to 

inhibit infection by other phages. To investigate the ability of gp1 to defend against cluster M 

phages, we conducted an experiment to study the effects of overexpression and endogenous 

expression of the gene. We elected to conduct a second experiment involving non-cluster M 

phages to determine the defense ability of cluster M gp1’s against phages outside of the cluster.  
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Characterization of the Defense Profile of Cluster M Bacteriophages’ gp1 

 Based on protein sequence alignments of all Cluster M phages, the following phages 

were chosen to evaluate gp1 effects: IPhane7 (M1), Reindeer (M1), Rey (M2), Nanosmite (M3). 

Upon phage selection to test their gp1’s ability to defend against infection, we proceeded to 

clone in IPhane7 (M1), Reindeer (M1), Rey (M2), and Nanosmite (M3) gp1’s into two different 

expression level vectors: pExTra (overexpression) and pMH94 (endogenous). After successfully 

cloning each gp1, we then conducted experimental challenges for pExTra clones in triplicate, 

and pMH94 clones in duplicate against a panel of cluster M bacteriophages. The same 

experiments were conducted against a panel of non-cluster M ‘Viral’ panel bacteriophages to 

analyze the ability of gp1 to defend against genomically different phages.  

Protein Sequence Alignment of Cluster M gp1 

 Cluster M1, M2, and M3 protein sequences were analyzed for similarities to determine 

which phages to use for the study.  

 

Figure 24. ESprit3 alignment of M1 phages gp1 protein sequence. All M1 phages have 

identical protein sequences excluding Reindeer. 69 
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 To determine the similarity of protein sequence of gp1 in the M1’s, ClustalW and ESprit3 

were used to align the protein sequences for comparison. As seen in Figure 24, all cluster M1’s 

share identical protein sequences, except for Reindeer. Therefore, IPhane7 and Reindeer were 

selected for examining gp1 effects. All M1 phages, excluding Reindeer, and considered to 

display the same phenotype as IPhane7 since their protein sequences are identical to IPhane7’s 

gp1 protein sequence.  

 

Figure 25. ESprit3 alignment of M2 gp1 protein sequences. GardenSalsa and MrMagoo 

have identical gp1 protein sequences. Aziz and GenevaB15 have identical gp1 protein sequences. 

Rey and Estes share no identical sequences and are stand alone. 69 

 

 To determine the similarity of protein sequence of gp1 in the M2’s, ClustalW and ESprit3 

were used to align the protein sequences for comparison. As seen in Figure 25, the M2’s do not 

share as much similarity as the M1’s. GardenSalsa and MrMagoo share the same protein 

sequence. Rey and Estes are unique and share no identical protein sequences to any other M2. 

Aziz and GenevaB15 share identical protein sequences. At aa 5, Rey has a polar (P) Threonine, 

while all others have a nonpolar (NP) isoleucine. At aa 18, Rey contains a NP phenylalanine (F) 

while the others have a NP Cystine. At aa 19, Rey has a NP Alanine while all other hold a NP 

Proline. Upon analysis of the alignment, of the locations where Rey, or other M2’s, do not share 
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similar aa’s, there is an observed change of nonpolar or polar amino acids. These differences 

could impact protein structure and function. Based on accessibility and ability to grow in vivo, 

Rey was chosen as the only M2 for experimental investigation.  

 

Figure 26. ESprit3 protein sequence alignment of selected Cluster M phages for gp1 

experiments that possess different amino acids sequences for gp1. ESprit3 generates an 

alignment based on an algorithm that it deems acceptable and thus in this alignment, the first 

nucleotides are not aligned. This shift is not observed in Figures 24 and 25, and the first 

nucleotides are aligned. The first nucleotides should align here one-to-one, however, ESprit3 

chose to align them slightly differently. 69 

 

 An alignment of all Cluster M phages, Figure 26, displays the unique protein sequences 

between the subclusters and confirms the importance and relevance of including members from 

each of the subclusters for holistic analysis of gp1’s phenotype. As Nanosmite is the only M3 

identified, it was chosen to be included for investigation.  

High Expression Vector pExTra Containing Gene(s) of Interest  

 The high expression vector used for gp1 testing, pExTra, was selected to test the effects 

of overexpression of gp1 on a Cluster M panel and a Viral panel. Unique features to the pExTra 

plasmid are the inclusion of origin of replication sites for E. coli and M. smegmatis, an mCherry 

reporter for gene expression validation, a kanamycin resistance gene for bacterial selection via 

resistance, a Tet promoter and Tet repressor to control gene expression. pExTra vector design 
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allows for transcriptional and translational control over a gene based on the use of a 

transcriptional inducer, anhydrotetracycline (aTc), and thus does not require the inclusion of the 

preceding gp1 intergenic region to begin transcription. Levels of gene expression were control by 

the amount of aTc, which allowed us to investigate how various levels of expression affected the 

phenotypic results.  

 

 

Figure 27. pExTra overexpression vector map including IPhane7 gp1. Map generated in 

SnapGene. IPhane7 gp1 is denoted in orange. SnapGene software (www.snapgene.com) 

 

 All bacteriophages selected for cloning – IPhane7, Reindeer, Rey, and Nanosmite – were 

cloned into the pExTra vector in the same location as shown in Figure 27 with IPhane7 gp1.  

https://www.snapgene.com/
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A separate experiment was conducted to investigate the importance of the signal peptide in 

IPhane7’s gp1 protein function. IPhane7 gp1 protein sequence was truncated between aa 24 and 

25, where the Sec-signal sequence was identified. To investigate if the same phenotype of 

IPhane7 would be displayed by truncating the signal sequence in the gene, IPhane7 TSS gp1 was 

cloned into pExTra in the same location as shown in Figure 27. 

Endogenous Expression Vector pMH94 Containing Gene(s) of Interest  

 Endogenous expression vector pMH94 was used to evaluate the effects of a natural level 

of expression of gp1 and gp1/gp2 on a panel of Cluster M and Viral Panel challenge. The 

intergenic region that proceeds gp1 was included in the cloning process. Due to vector design, 

pMH94 will activate transcription of gp1 via the inclusion of the preceding intergenic region and 

does not utilize an inducer, like pExTra does.  
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Figure 28. pMH94 endogenous expression vector map of IPhane7 intergenic (int) and 

gp1 created in SnapGene. IPhane7 int+gp1 is denoted in orange. Restriction enzymes EcoRI and 

KpnI were used to ensure proper directionality upon ligation into the vector. A kanamycin 

resistance gene is included to allow for bacterial selection via antibiotic resistance during 

experiments. SnapGene software (www.snapgene.com) 

 

 To investigate the effects that endogenous levels of gp1 have on the defense profiles of 

phages during the viral challenges, the gene of interest was cloned into pMH94, Figure 28, for all 

selected phages – IPhane7 (M1), Reindeer (M1), Rey (M2), and Nanosmite (M3) – via the use of 

restriction enzymes EcoRI and KpnI to allow for proper orientation in the vector during 

traditional cloning practices. Two experiments were conducted with the pMH94 gp1 clones; one 

aimed at investigating the defense abilities that endogenous levels of express would have on 

fellow cluster M members, while the other aimed to study the ability of gp1 to defend against a 

non-cluster M ‘Viral’ panel.  

An additional round of experiments was conducted to study the effects that gp1 and gp2 

have together when challenged against a Cluster M panel and a Viral Panel. Previous 

investigations in the Gainey laboratory that involved gp1/2 expressed together displayed a strong 

phenotype in phage inhibition. Synergistic traits are shown when the two genes are expressed 

together and appeared to confirm great inhibition when challenged against other phages. To 

further investigate the correlative effects of gp1/2, two experiments were conducted: a Cluster M 

Panel challenge to study how expression of gp1/2 together affect Cluster M infections, and a 

Viral panel challenge to observe the ability of gp1/2 together to inhibit infection for phages 

outside of cluster M.  

Viral Challenge Results 

https://www.snapgene.com/
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pExTra truncated signal sequence in IPhane7’s gp1 results. 

 

Figure 29. pExTra IPHane7 TSS gp1 Viral Panel challenge results. pExTra vector clone 

was incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 

incubated on a shaker with no 20% tween in a 7H9 mixture that either contained 10ng/mL aTc or 

no aTc for 48 hours. Upon completion of the 48 hours, the mixtures that contained 10ng/mL aTc 

were mixed with TA containing 10ng/mL aTc and plated on 7H9+Kan plates and allowed to gel. 

Similarly, the mixtures that did not contain any inducer were mixed with TA and plated on 

7H9+Kan plates. The plates were spotted with serial dilutions of Viral Panel member phages and 

incubated at 37℃ for 72 hours and then imaged. Note, full plate image in appendix. 

 

 The pExTra IPhane7 TSS gp1 challenge, shown in Figure 29, displayed that by 

truncating the gene between aa 24 and 25, the gene lost its ability to inhibit phage infection 

against IPhane7. pExTra IPhane7 gp1, that contains the complete gene sequence, plates display 

that in the presence of the inducer total inhibition of IPhane7 infection was achieved. 

Contrastingly, pExTra IPhane7 TSS gp1 showed no inhibition of phage infection. These test 

results lead to the conclusion that the signal sequence coded for in IPhane7’s gp1 plays a vital 

role in the gene’s defense mechanism.  
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 pExTra gp1 results. 

Figure 30. pExTra gp1 Cluster M challenge results. pExTra vector clones were incubated 

at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then incubated on a 

shaker with no 20% tween in a 7H9 mixture that either contained 10ng/mL aTc or no aTc for 48 

hours. Upon completion of the 48 hours, the mixtures that contained 10ng/mL aTc were mixed 

with TA containing 10ng/mL aTc and plated on 7H9+Kan plates and allowed to gel. Similarly, 

the mixtures that did not contain any inducer were mixed with TA and plated on 7H9+Kan 

plates. The plates were spotted with serial dilutions of Cluster M member phages and incubated 

at 37℃ for 72 hours and then imaged. This figure is representative of four experiments 

conducted. 

 

 The pExTra gp1 results in Figure 30 showed phage specific inhibition using the lowest 

concentration of aTc (10ng/mL). Figure 30 displays how in the presence of the aTc inducer, 

IPhane7 gp1 completely inhibits infection of the panel of Cluster M phages. Reindeer gp1 is 

almost identical except possible slight inhibition of Nanosmite to 10-3 when compared to the 

Plasmid gp1 control. No inducer challenges were included for controls for all pExTra gp1 clones. 

pExTra Rey gp1 does not seem to display any effect on infection. pExTra Nanosmite gp1 only 

fully inhibits Nanosmite, while other phages are unaffected. To investigate whether increased 
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levels of aTc would affect the defense profiles, the same test in Figure 30 was conducted with 

100ng/ml aTc during the no tween shake stages and when plated. The results of the 100ng/mL 

test were identical to Figure 30 (data not shown).  

During this experiment four rounds of challenges were performed on the Cluster M 

Panel. Test 1 and Test 2 included bacteriophage Rey in the panel, where it displayed no 

inhibition to gp1 from any of the phages. Bacteriophage Rey was excluded from the Cluster M 

panel challenge experiment in Figure 30 due to experimental conditions required. Rey grows at 

30℃, while all other cluster M phages grow at 37℃. The pExTra system appears to work best at 

37℃ as displayed by favored growth conditions of the cells observed. As well, with Rey 

showing no significant phenotype when tested in duplicate, we elected to retire Rey from further 

experimentation due to resource conservation based on required laboratory growth conditions.  

 

Figure 31. pExTra gp1 Viral Panel challenge results. pExTra vector clones were 

incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 

incubated on a shaker with no 20% tween in a 7H9 mixture that either contained 10ng/mL aTc or 

no aTc for 48 hours. Upon completion of the 48 hours, the mixtures that contained 10ng/mL aTc 
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were mixed with TA containing 10ng/mL aTc and plated on 7H9+Kan plates and allowed to gel. 

Similarly, the mixtures that did not contain any inducer were mixed with TA and plated on 

7H9+Kan plates. The plates were spotted with serial dilutions of Viral Panel member phages and 

incubated at 37℃ for 72 hours and then imaged. This figure is representative of the experiment 

performed in duplicate.  

 

 The results in Figure 31 display no phage specific inhibition. All experimental plates 

containing inducer match the control plates that possess no inducer, such that the same results are 

observed whether gene translation is turned on or off. This shows that the defense mechanisms 

observed in Figure 30 appear to be Cluster M specific and do not impact the other phages used in 

the viral experiment, none of which are Cluster M members. Final determination of non-cluster 

M inhibition capabilities cannot be confirmed without testing a larger panel of non-cluster M 

bacteriophages; however, conclusions can be drawn that clusters N, P5, I1, and I2 are able to 

overcome the defense mechanisms encoded for by cluster M gp1’s.  

 pMH94 intergenic+gp1 results. 

 

Figure 32. pMH94 int+gp1 Cluster M Panel challenge results. pMH94 vector clones were 

incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 
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incubated on a shaker with no 20% tween in a 7H9 mixture. Upon completion of the 48 hours, 

the mixtures were mixed with TA and plated on 7H9+Kan plates. The plates were spotted with 

serial dilutions of Cluster M Panel member phages and incubated at 30℃ for 72 hours and then 

imaged. 

 

The results of the pMH94 intergenic and gp1 cluster M challenge are shown in Figure 32. 

Rey will not grow at 37℃, and thus all plates were incubated at 30℃. Incubation temperatures 

do not affect other phage growth rates, as all other Cluster M phages displayed the same 

phenotype at 37℃ and 30℃. Note that Bongo displayed only 10-3 growth on the pMH94 

Plasmid control plates. pMH94 IPhane7 test 1 and test 2 results display slight inhibition of 

IPhane7 to 10-3, and inhibition of Reindeer growth as well. Nanosmite growth was inhibited by a 

factor of 10. pMH94 Reindeer showed subtle inhibition of Reindeer and IPhane7 growth. 

pMH94 Rey and pMH94 Nanosmite displayed no effect on growth for any of the phages plated. 

 

pMH94 intergenic+gp1+gp2 results. 
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Figure 33. pMH94 int+gp1/2 Cluster M Panel challenge results. pMH94 vector clones 

were incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 

incubated on a shaker with no 20% tween in a 7H9 mixture. Upon completion of the 48 hours, 

the mixtures were mixed with TA and plated on 7H9+Kan plates. The plates were spotted with 

serial dilutions of Cluster M Panel member phages and incubated at 30℃ for 72 hours and then 

imaged. Imaged are Test 2 and Test 3 results for comparison. This figure is representative of the 

experiment performed in triplicate. 

 

 The pMH94 int+gp1/2 Cluster M challenge results in Figure 33 showed phage specific 

inhibitions. Gp1 and gp2 appear to have a stronger phenotype than the effects of gp1 alone. 

pMH94 IPhane7 gp1/2 displays a complete inhibition if Bongo, Reindeer, and Nanosmite while 

slight inhibition of PegLeg and IPHane7 is observed; Rey saw no inhibition. Comparable results 

are shown by pMH94 Reindeer gp1/2 expression. In the presence of Reindeer’s gp1/2, Bongo 

and Reindeer see full inhibition, while Nanosmite, IPhane7 and PegLeg see mild inhibition. 

Again, Rey was not affected. pMH94 Rey gp1/2 appeared to have slight effect on Rey and 

Nanosmite, but it is very mild. pMH94 Nanosmite gp1/2 had strong effects on Nanosmite but did 

not appear to affect any other phages. These results confirm that gp1/2 defense mechanism is 

phage specific for Cluster M phages.  
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Figure 34. pMH94 int+gp1/2 Viral Panel challenge results. pMH94 vector clones were 

incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 

incubated on a shaker with no 20% tween in a 7H9 mixture. Upon completion of the 48 hours, 

the mixtures were mixed with TA and plated on 7H9+Kan plates. The plates were spotted with 

serial dilutions of Cluster M Panel member phages and incubated at 37℃ for 72 hours and then 

imaged. Imaged are Test 2 and Test 3 results for comparison. This figure is representative of the 

experiment performed in triplicate. 

 

 The pMH94 int+gp1/2 Viral Panel challenge in Figure 34 displayed no inhibition by 

gp1/2 from any of the non-cluster M bacteriophages. All bacteriophages from the viral panel 

were able to grow with no notable log inhibition observed when compared to the control plates.  

Discussion of Cluster M Prophage-Mediated Defense Genes Analysis 

Discussion of DEM mutations 

Analysis of DEMs led to the observation of a possible connection between gp1 and a 

mutation in the Minor Tail Protein. Samples 1-6 saw identical mutations at 26018bp in gene 30 

(pham52895 as of 11/4/2022), a minor tail protein of IPhane7. IPhane7 DEMs samples 1-6 
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displayed a conserved point mutation at 26018bp from tyrosine (T) to cytosine (C) which results 

in an amino acid change from a Valine (GTG) to an alanine (GCG), both of which are neutral 

and non-polar. Valine possesses one more alkyl group than alanine, thus making valine more 

non-polar than alanine 58. Further analysis revealed that sixty-eight other phages possess this 

gene including clusters: singletons, B2, F1, I1, M1, N, P1, W. Of interest to note in cluster M, 

only cluster M1 contains the minor tail protein, while cluster M2 and M3 have other gene 

variations for the minor tail proteins. Given the genetic mosaicism nature of temperate phages, it 

is not uncommon to see occurrences where there are various different sequences observed that 

provide the same or similar gene function 12. When establishing lysogeny, a temperate phage’s 

integrated DNA may not be the only phage DNA present in the host cell. Thus, prophages 

constitute a substantial portion of laterally acquired DNA in many bacteria 10. At some point in 

evolutionary history, cluster M phages gained different minor tail protein genes that play a role 

in phage attachment at the cellular surface and ability to overcome some prophage-mediated 

defense mechanisms that inhibit infection at the stage of phage attachment.  

Mutations within the minor tail protein appears to grant IPhane7 DEM mutants the ability 

to overcome superinfection exclusion, which generally targets homotypic particles 18. Based on 

the results of our study and identified responsibilities of tail proteins, the observed mutation 

between the six samples in the minor tail protein, pham 52895, proposes correlation with cell-

surface attachment inhibition. IPhane7 prophage-mediated defense genes are designed to inhibit 

infection from other IPhane7 phages it is exposed to in the environment. However, the IPhane7 

DEMs that are no longer subject to IPhane7-mediated defense developed key mutations notably 

in the minor tail protein, which aids in responsibility of host bacterium cell surface recognition 

and attachment. The IPhane7 DEMs presumably escape IPhane7 prophage-mediated defenses 
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either due to a structural change in the minor tail protein gene product that may affect receptor 

recognition, receptor-binding, or some other stage of phage attachment, or a gain of function 

mutations that has granted a counter-defense ability. IPhane7 gp1 has been identified as a Sec-

signal peptide and is believed to act as a defense gene at the level of phage attachment to the host 

cell. Conserved mutations in the minor tail protein of IPhane7 DEMS and known IPhane7’s gp1 

properties guide us to the conclusion of correlation between gp1’s defense mechanism and the 

importance of the amino acid change in gene 30, pham 52895. Further investigations into the 

IPhane7 DEMs mutations in other locations may lead to connections between the other 

mutations observed amongst the samples.  

Discussion of IPhane7 gp1, Cluster M gp1 and Cluster M gp1/2 defense profiles   

 Coming in at only 97 aa, IPhane7’s gp1 was predicted to possess a Sec-signal peptide 

with cleavage between aa 24 (alanine) and 25 (arginine). Signal peptides are short amino acid 

sequences found at the amino terminus of many proteins that target proteins into or across 

membranes. They may be found in secreted or transmembrane (TM) proteins, whereby the 

secretory pathway (Sec) transports proteins in an unfolded state 39. Figure 35 shows SignalP 6.0 

results of IPhane7 gp1 and is predicted to be a Sec-signal peptide with a 0.977916 probability. 
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Figure 35. SignalP 6.0 results of IPhane7 gp1. IPhane7’s gp1 is predicted to be a Sec-

signal peptide with a 0.977916 probability.  

 

  To understand how gp1’s encoded sec-signal peptide plays a role in cluster M prophage 

gene expression, a protein alignment was performed on all cluster M members as seen in Figures 

24, 25, and 26. The results displayed significant sequence conservation amongst the cluster M1’s 

with all but Reindeer sharing identical primary protein structures. The same pattern does not 

continue in the cluster M2s, where there is a lower percentage of identical sequences. 

GardenSalsa and MrMagoo share the same protein sequence. Rey and Estes are unique and share 

no identical protein sequences to any other M2. Aziz and GenevaB15 share identical protein 

sequences. As seen in Figure 36, protein sequence similarities of cluster M gp1 can be observed 

based on an evolutionary standpoint. Nanosmite’s gp1 protein sequence is more similar to the 

M2’s than the M1’s sequence but is unique as it is the only M3. These trends align with their 

predicted evolutionary development observed in Figure 36.  
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Figure 36. Phylogenetic Tree of Cluster M phages for gp1 acquisition. The phylogenetic 

tree was generated by Phylogenetic analysis pipeline by ETE3 from a ClustalW generation 

comparing the protein sequences of gp1. 61 

 

Imperative to our understanding of the possible defense mechanism encoded for by 

cluster M gp1s, we tested a truncated version of IPhane7’s gp1, where the sec-signal peptide was 

removed from the gene at the cleavage site between aa 24 and 25 to test whether the peptide was 

secreted outside of the cell and affected the ability to establish a productive infection within a 

host cell containing the gene. The results showed that by removing the signal sequence, we 

eliminated the ability to defend against IPhane7 infection. IPhane7’s gp1 sec-signal peptide is 

imperative for proper function of the gene to confer defense against superinfection of other 

phages. The exact effects on the protein’s loss of function are unexamined when truncating the 

protein; it is possible that the protein still folded and/or remained stable but was insoluble and 



74 
 

thus unable to act outside of the cell, or the protein lost the ability to properly fold into a stable 

form. Further investigation into the effects on protein structure would be necessary to determine 

the exact effects on solubility, stability, and folding capabilities in the truncated form. For this 

study, it was important to investigate the loss of function phenotype observed when truncating 

IPhane7 gp1.  

Observed differences of gp1 protein sequences amongst the cluster M members led to a 

panel selection to examine how they may impact prophage-mediated defense specificity between 

cluster M members as well as a broad panel of phages. Our results using a high-level expression 

vector displayed the power of cluster M1 gp1’s to defend against cluster M phage infection. 

IPhane7 (M1) and Reindeer (M1) saw almost complete inhibition of all infection attempts, with 

the exception of Nanosmite to overcome Reindeer’s gp1 (Figure 30). The same is not observed 

by Rey’s gp1 and Nanosmite’s gp1 who saw no defense capabilities provided except with 

homotypic inhibition of self-infections. Clearly, IPhane7 (M1) gp1 encodes for a powerful 

defense mechanism that no other cluster M was able to overcome when overexpressed. Our 

results using an endogenous-level expression vector, pMH94, displayed the natural defense 

profile of cluster M gp1’s as highly phage specific defense capabilities that appear to be limited 

to those within the cluster M phamily, as seen in Figure 32. Less drastic inhibitions were 

observed in the pMH94 int+gp1 experiments confirming that endogenous levels of gp1 alone had 

a weaker phenotype and could not fully inhibit infection from any cluster M members. 

Mesotypic, and heterotypic immunities were observed directly correlating with genomic 

differences in gp1 protein sequences.  

We propose that slight sequence differences amongst cluster M gp1s has led to varying 

degrees of inhibition between the subclusters based on the ability of the secreted signal peptide 
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encoded for by gp1’s ability to confer superinfection immunity at the level of phage attachment. 

Interestingly, the minor tail protein identified to have conserved mutations in the IPhane7 DEMs 

is only present in cluster M1 phages. Clusters M2 and M3 possess genomically different minor 

tail proteins. Perhaps cluster M1 gp1 gene encodes for defense mechanisms that target the minor 

tail protein gene present in similar cluster M1s, just as cluster M2 gp1 would target minor tail 

proteins specifically encoded for within their subcluster genomes. Similar trends are observed 

with Nanosmite gp1 inhibiting Nanosmite infection but unable to defend against any other 

cluster M phage infections. Glaringly, the genomic interworking’s of encoded defense genes 

between the cluster M subclusters is highly specific and displays evolutionary impacts on 

prophage-mediated defense mechanisms.  

 Knowing the highly intricate cluster M interacts based on our results, we looked towards 

a varying panel of phages to examine cluster M gp1’s defense profile outside of cluster M 

phages. Members from clusters N, P5, I1, and I2 were challenged against high-level expression 

of cluster M gp1 and displayed uninhibited infections (Figure 31). Since no level of inhibition 

was observed using high-levels of expression of cluster gp1s, we chose to not examine the effect 

of endogenous-levels of expression on inhibition of the viral panel. The severe genomic 

differences between clusters N, P5, I1 and I2, as seen in Figure 37, against cluster M gp1 led to 

the conclusion that cluster M defense genes have evolved to prevent infection from similar 

cluster M phages, but not a broad genomic capability based on our panel.  
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Figure 37. Phamerator map of cluster I1, I2, M1, M2, M3, N, and P5 phages used during 

experiments. Clear nucleotide sequence similarities and differences can be observed between 

clusters I1, I2, N, and P5 in relation to cluster M1, M2, and M3 genomes.  

 

Further investigation is necessary to confirm the ability of cluster M defense genes to 

inhibit infection from all other clusters. By conducting a viral challenge with a broader, more 

inclusive panel of phages from multiple other clusters, a complete analysis of cluster M gp1 

defense capabilities may be confirmed.  

Discussion of pMH94 gp1/2 defense profile  

 IPhane7’s gp2, as well as all other cluster M phages, is of unknown function. However, 

previous experiments in the Gainey laboratory displayed synergistic properties of IPhane7’s gp1 

and gp2 when expressed together. Upon bioinformatic analysis of gp2 protein sequence, HHPred 

shows inconclusive results and UniProt’s BLAST identifies it as a DUF3846 domain-containing 

protein that shares sequence similarity with Mycobacteriophages Bongo (100%), Reindeer 
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(88.8%), Rey (62.9%), Estes (62.5%), Nanosmite (65.1%), and prophiGD54-2 (42.6%) as some 

of the top hits 5. Knowing that gp1 alone displayed a strong phenotype, with some full knockout 

of fellow cluster M members, we analyzed the ability of cluster M gp1 and gp2 to defend against 

infection at the endogenous level using the pMH94 vector. Recalling that pMH94 int+gp1 alone 

displayed a very weak inhibitory phenotype against cluster M phages (Figure 32), we expected 

the combination of gp1/2 together would display a different phenotype. Our hypothesis was 

correct, as the pMH94 int+gp1/2 cluster M challenge (Figure 33) displayed a stronger phenotypic 

response of defense capabilities only against cluster M phages. The combination of both gp1 and 

gp2 clearly has a strong inhibitory effect on specific cluster M members, while Nanosmite (M3) 

gp1/2 can only inhibit Nanosmite infections and Rey (M2) gp1/2 is unable to defend against any 

infection – including itself, which is highly intriguing as it is uncharacteristic of a phage to be 

unable to prevent infection of itself, leading to the possibility that the defense mechanism has 

evolved differently in the M2s. The diversity of cluster M genomes clearly plays a role in the 

highly specific defense mechanism that is encoded for by gp1 and appears to intensify by 

expression of gp2. Further bioinformatic analysis between cluster M1 minor tails, as well as 

other cluster M phages, is necessary to understand the connection between the secreted signal 

peptide encoded for by gp1 and its interactions with phage attachment capabilities at the cellular 

surface level.  
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The results gathered thus far present a multitude of avenues for future investigation. 

Cluster M phages may carry a wide range of superinfection resistance mechanisms that clearly 

correlates with phage infectivity on lysogenic hosts. Analysis of host ranges for the phages when 

infecting various Cluster M lysogens displayed phages belonging to the same lysogen groups 

having similar infectivity ranges, such that they were typically unable to infect members of the 

same lysogen group. For example, a majority of the cluster M1 phages were unable to plaque on 

lysogens of any cluster M1 lysogens, except for Pegleg (M1) that exhibited the ability to infect 

IPhane7 (M1) lysogen with an approximate 10-4 log inhibition (Figure 15). In contrast, 

heterotypic phages that did not belong to cluster M were all able to infect cluster M lysogens 

(Figure 16). The complete superinfection resistance abilities of cluster M lysogens cannot be 

concluded without a large-scale challenge between all cluster M lysogens against a broad panel 

including a multitude of clusters.  

Knowing that bacterial genomes may harbor multiple prophages from various clusters 

within a host range 11, it is unclear how vast the effects of horizontal gene transfer may occur 

between prophages inhabiting the same host cell. One may observe how phages have evolved 

amongst the presence of one another due to the apparent mosaicism of their genomes, where 

each genome may be viewed as a unique combination of modules that are exchanged among the 

population 28. To further extrapolate the defense capabilities of cluster M lysogens against other 

clusters by challenging against a broad panel of other phages, one may discover shared genomic 

elements of cluster M prophages. Upon completion of this study, new bacteriophages, Glaske16 

(M1), Auspice (M1), Diminimus (M1), Dulcita (M1), SlimJimmy (M1), and TyDawg (M1) were 
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added to the cluster M database on PhagesDB.org. These phages were not included in this study, 

as they had yet to be added to the cluster Ms. Future experiments involving cluster M 

bacteriophages should include all known phages for holistic representation of the cluster.  

Characterization of the IPhane7 lysogen integration sites required experimental 

identification, as serine integrases cannot be determined bioinformatically. This is unlike 

tyrosine integrases that are capable of bioinformatic identification due to certain biomarkers and 

longer common core sequences 27. Int-S systems have notably shorter common core sequences 

that play a role in directionality during integration. As observed in the IPhane7 and M. 

smegmatis genomes, the identified common core sequence at the attL and attR sites was found in 

various areas of each genome, such that there is reason to question why the prophage integrated 

at these specific sites. Future studies examining the redundancy of integration at the identified 

sites in this study with other IPhane7 lysogens to see if the integration sites are conserved would 

aide in the consistency and confidence of one specific recombination site. Additional studies 

analyzing the integration sites of other cluster M lysogens would behoove the understanding of 

serine integrase recombination conserveness within the cluster.  

IPhane7 defense escape mutants sequenced, assembled, and bioinformatically analyzed 

during this study were found to possess a conserved mutation in the minor tail protein gene 30, 

amongst other mutations in conserved regions of the genome. IPhane7 gp1 is known to encode 

for a Sec-signal peptide. Based on the mutation’s observed in the IPhane7 DEMs, and the 

experimentally determined vitality of the signal sequence to the function of gp1, we conclude 

that gp1 acts to defend against phage infection at the level of cellular attachment of the phage tail 

to the bacterial cell surface. Further confirmation of gp1’s secretion outside of the cell would 

aide to the confidence of this conclusion in a future study. Future experiments may be conducted 
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to examine the importance of the single nucleotide mutation that results in an amino acid change 

within the minor tail protein gene 30 and its ability to overcome the defense mechanism encoded 

for by gp1 or gp1/2 synergistically.  

As observed in this study, cluster M gp1 and gp1/2 challenges displayed phage specific 

inhibitions which were likely due to the slight genomic differences amongst the subclusters, as 

well as within the same subcluster. Clearly displayed in the viral challenges, cluster M gp1 and 

gp1/2 defense mechanisms were ineffective in inhibiting infection by heterotypic phages 

belonging to other clusters. To confirm the abilities of gp1 and gp1/2 to defend against other 

clusters, a broad panel experiment should be conducted containing a vast array of phages. For 

instance, cluster M gp1 or gp1/2 may be challenged against a panel of 50 cluster A members, and 

only display a phenotype against one phage due to the nature the phage genetic mosaicism 12. 

Of future interest and investigation into the Cluster M gp1/2 system, the WhiB family 

transcription factors genes appear to interact with gp2 by binding in what is believed a type of 

on/off switch for the system. Exclusively found in Actinobacteria, the WhiB-like (Wbl) family of 

proteins have been show to play key roles in virulence and antibiotic resistance in Mycobacteria 

and Corynebacteria 9. WhiB-like proteins have been described in phages 

infecting Mycobacteria species, such as the WhiB of phage TM4 was shown to inhibit the 

expression of the host whiB2 gene resulting in morphological changes upon expression 72,76. 

WhiB of phage Tweety was suggested to be targeted by prophage-mediated defense mechanisms 

18. Thus far, the functions of WhiB-like proteins in the phage life cycle remain largely enigmatic. 

Particular to our study, it is thought that the interaction between gp2 and the WhiB genes 

in an infecting phage may affect the ability of the defending phage to inhibit infection. For 
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instance, IPhane7’s gp2 cannot bind to Nanosmite’s WhiB genes, therefore the system is unable 

to “turn on” and is unable to inhibit infection. In contrast, IPhane7 gp2 binds with high affinity to 

IPhane7’s WhiB genes and is able to turn on the system to inhibit infection. The highly specific 

interactions between specifically encoded gp2 and WhiB family transcription factor genes may 

unearth further intricacies of the prophage-mediated defense mechanism found here in the 

Cluster M gp1/2 system. The complex and intricate systems that comprise prophage-mediated 

defense mechanisms and systems is a new area of investigation with much to be discovered.  
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APPENDIX A: ADDITIONAL FIGURES 

  

Figure AI. pExTra IPHane7 TSS gp1 Viral Panel challenge results. pExTra vector clone was 

incubated at 37℃ on a shaker for 48 hours in 20% tween and 7H9Neat mixture, and then 

incubated on a shaker with no 20% tween in a 7H9 mixture that either contained 10ng/mL aTc or 

no aTc for 48 hours. Upon completion of the 48 hours, the mixtures that contained 10ng/mL aTc 

were mixed with TA containing 10ng/mL aTc and plated on 7H9+Kan plates and allowed to gel. 

Similarly, the mixtures that did not contain any inducer were mixed with TA and plated on 

7H9+Kan plates. The plates were spotted with serial dilutions of Viral Panel member phages and 

incubated at 37℃ for 72 hours and then imaged.  
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Table A1. Genbank accession numbers of phages used in the study.  

Bacteriophage:   Genbank Accession Number:  

IPhane7 (M1) MH697587.1 

Reindeer (M1) MT658803.1 

PegLeg (M1) KC900379.1 

Rey (M2) JF937105.1 

Nanosmite (M3)  MW578836.1 

Mycobacterium smegmatis mc2155 CP009494.1 

Bongo (M1) JN699628.3 

Charlie (N) JN256079.1 

Xeno (N) KU935728.1 

Phayonce (P5) KR080195.1 

Island3 (I1) HM152765.1 

Che9C (I2) AY129333.1 

 

Table A2. Summation of viral challenge results from Figures 15, 30, 32, 33. (A) 

Summation of IPhane7 viral challenge results evaluated by log inhibitions. (B)Summation of 

Reindeer viral challenge results evaluated by log inhibitions. (C) Summation of PegLeg viral 

challenge results evaluated by log inhibitions. (D) Summation of Rey viral challenge results 

evaluated by log inhibition. (E) Summation of Nanosmite viral challenge results evaluated by log 

inhibition. *Bongo samples reported in the tables exhibit a different scaling, as the viral stock 

grew poorly during challenge experiments. Thus, full inhibition is observed at 10^-4 (Lysogen, 

pMH94 gp1/2, pExTra gp1) and 10^-3 (pMH94 gp1) and used as the baseline for full inhibition 

in the respective experiments. 

 

IPhane7 (M1) Viral Challenge: 

Virus Lysogen pMH94 gp1 pMH94 gp1/2 pExTra gp1 

IPhane7 1.0E-06 1.0E-01 1.0E-01 1.0E-06 

Bongo* 1.0E-04 1.0E-02 1.0E-04 1.0E-04 

PegLeg 1.0E-03 1.0E-01 1.0E-01 1.0E-06 

Reindeer 1.0E-06 1.0E-03 1.0E-06 1.0E-06 

Rey 1 1 1 1.0E-06 

Nanosmite 1.0E-06 1 1.0E-06 1.0E-06 

 

Reindeer (M1) Viral Challenge: 

Virus Lysogen pMH94 gp1 pMH94 gp1/2 pExTra gp1 

IPhane7 1.0E-06 1 1.0E-01 1.0E-06 

Bongo* 1.0E-04 1.0E-01 1.0E-04 1.0E-04 

PegLeg 1.0E-06 1.00 1.0E-01 1.0E-06 

Reindeer 1.0E-06 1.0E-02 1.0E-06 1.0E-06 

Rey 1.0E-02 1 1 1.0E-06 

Nanosmite 1.0E-06 1 1.0E-02 1.00 

A 

B 
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PegLeg (M1) Viral Challenge: 

Virus Lysogen pMH94 gp1 pMH94 gp1/2 pExTra gp1 

IPhane7 1.0E-06 n/a n/a n/a 

Bongo* 1.0E-04 n/a n/a n/a 

PegLeg 1.0E-06 n/a n/a n/a 

Reindeer 1.0E-06 n/a n/a n/a 

Rey 1 n/a n/a n/a 

Nanosmite 1.0E-06 n/a n/a n/a 

 

Rey (M2) Viral Challenge: 

Virus Lysogen pMH94 gp1 pMH94 gp1/2 pExTra gp1 

IPhane7 1.0E-06 1 1 1 

Bongo* 1.0E-04 1 1 1 

PegLeg 1.0E-04 1 1 1 

Reindeer 1.0E-05 1 1 1 

Rey 1.0E-06 1 1 n/a 

Nanosmite 1.0E-06 1 1 1 

 

Nanosmite (M3) Viral Challenge: 

Virus Lysogen pMH94 gp1 pMH94 gp1/2 pExTra gp1 

IPhane7 1.0E-06 1 1 1 

Bongo* 1.0E-04 1 1 1 

PegLeg 1 1 1 1 

Reindeer 1.0E-05 1 1 1 

Rey 1.0E-06 1 1 n/a 

Nanosmite 1.0E-06 1 1.0E-03 1.0E-06 

 

 

1 = viral full 

infection 

10E-1 to 10E-2 = 

Mild Inhibition 

10E-3 to 10E-4 = 

Moderate Inhibition 

1.0E-5 to 1.0E-7 

= Full Inhibition 
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