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ABSTRACT 
Mycobacteriophage are viruses that infect Mycobacterium, including nonpathogenic M. 

smegmatis and pathogenic M. tuberculosis (1). Their genomes are diverse and the 

majority of their genes have no known function (1). Mycobacteriophage Ukulele was 

isolated from soil in Old Orchard Beach, Maine. Ukulele is temperate, carrying out both 

lysogenic and lytic lifestyles (8). Temperate phage typically encode integrase, excise, and 

repressor proteins, which regulate the change from lysogenic to lytic growth (10). 

Ukulele gp49 has been identified as the integrase but repressor and excise proteins have 

not been identified (8). Ukulele gp52 was previously proposed as a candidate repressor, 

predicted to encode a DNA binding domain and upstream of the integrase (8). Analyzing 

Ukulele-M. smegmatis lysogen gene expression profiles suggests that gp52 does not serve 

as the repressor, and is more likely excise or a Cro-like protein. Transcriptome analysis 

also revealed that the lytic growth is highly induced during lysogeny, many lytic genes 

present in the Ukulele lysogen expression profile; which is also evidenced by the high 

titer 1x1010 PFUs/ml for Ukulele M. smegmatis lysogens when incubated at 37 oC (8). To 

confirm the function of gp52, a strain of M. smegmatis will be created that over expresses 

Ukulele gp52. If gp52 has Cro or excise function, overexpression of gp52 in Ukulele-

infected M. smegmatis cells will alter Ukulele plaque morphology. It is also 

recommended that RNA be isolated from Ukulele M. smegmatis lysogens at a lower 

temperature to increase lysogen stability (8), and reduce lytic induction. 
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1.0 Introduction 
Mycobacteriophage (phage) are viruses that infect bacteria of the genus 

Mycobacterium. This genus includes non-pathogenic M. smegmatis and pathogenic 

species such as M. tuberculosis. The genomes of mycobacteriophage are extremely 

diverse and the majority of their genes have no known function (1). By studying 

mycobacteriophage and their gene function we can better understand how they interact 

with their mycobacterial hosts. This not only gives us insight into host physiology, but 

could lead to the creation of early detection methods (31), molecular tools to manipulate 

mycobacterial cells (2), and new treatment options such as phage therapy (38). The 

overall goal of this project is to learn about lysogenic regulation in phage by identifying 

which genes are essential for establishing and maintaining lysogeny in Cluster E 

mycobacteriophage Ukulele. 

Currently, 8426 mycobacteriophage have been  isolated and 1360 

mycobacteriophage genomes sequenced (19). Due to their diversity, phages are divided 

into clusters and subclusters based on their genomes sharing at least 50% nucleotide 

identity (16). While some clusters are well-characterized, such as Clusters A, K, N, and O 

(5,6, 25, 7), Cluster E is not well characterized (8).  

 As of April, 2017, there are 84 members of Cluster E (24). Cluster E phages are 

temperate, although the mechanism with which they regulate their life cycles has yet to 

be determined (8). Temperate phage integrate their genome into the bacterial genome and 

replicate with the host genome, a state called lysogeny. Transcriptional silencing prevents 

the phage from expressing lytic genes; genes that promote replication of the phage 

genome, production of phage progeny and lysis of the cell. (9). Genomes of temperate 
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phage typically encode an integrase, excise, and regulator proteins that control the switch 

between lytic and lysogenic growth (10).  

Cluster E mycobacteriophage Ukulele was isolated from soil at Old Orchard 

Beach, Maine in 2011 during the HON 150 course, and exhibits a temperate phenotype 

(8). Ukulele gp49 has been identified as the integrase, however, genes regulating lytic 

and lysogenic growth; excise, Cro, and the immunity repressor have not been identified 

(8).  

Typically, excise and regulator proteins have DNA binding domains . In the 

Ukulele genome, four proteins were identified with a DNA binding domain: gp30, gp39, 

gp52, and gp87 (8).  A phage deletion mutant of gp87 was generated but was not 

successfully purified indicating it is essential for growth and not likely the repressor (8). 

Repressor and excision genes are typically located in the integration cassette, an adjacent 

set of genes related in function to the integrase (10). Of these potential genes only gp52 is 

located near the integrase, gp49, and is divergently transcribed; a common characteristic 

among integration cassettes (10).  

Ukulele gp52 could encode the repressor, excise, or a cro-like protein (8). The 

gene exists in a similar position of repressor genes in the cluster K genome, yet the 

theoretical protein product is predicted to share similarity to the mycobacteriophage 

Pukovnik excise (8). A Ukulele gp52 deletion mutant was also isolated but particles were 

not purified, again indicating that gp52 is essential for growth. It is possible that these 

deletion mutants exist as an integrated phage in a lysogen. 

 To gather further evidence for the function of gp52, as well as identify 

which  genes are expressed during lysogeny, genome-wide gene expression profiles were 
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created for Ukulele early lytic, late lytic, and lysogenic growth, and transcriptome 

analysis conducted.  

 

 

 

2.0 Literature Review 

2.1 Mycobacteriophage relevance 

Bacteriophages (phage), viruses that infect bacteria, are the most abundant 

biological entities on Earth with a population of approximately 1031 particles (17). 

Mycobacteriophages are a type of phage that infect bacteria of the genus Mycobacterium, 

including the pathogenic M. tuberculosis and M. leprae, causative agents of tuberculosis 

and leprosy, respectively, as well as nonpathogenic M. smegmatis (15).  

Studying the diversity of mycobacteriophages has led to numerous advancements 

in molecular biology and microbiology. Tools for working on M. tuberculosis genetics, 

such as shuttle phasmids, have been important contributions (15), and the relative 

simplicity of their genomes have allowed these viruses to make excellent models for 

exploring the mechanisms of genomics. Mycobacteriophage are also important 

contributors to bacterial host fitness, expressing genes that benefit host bacterium 

survival (18). 

2.2 Phage clustering and genome mosaicism 

Mycobacteriophage are incredibly diverse (21). Currently, 1360 

mycobacteriophage genomes have been sequenced (19). To represent genome diversity, 

phages are assigned to clusters and subclusters based on their genomes sharing at least 
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50% nucleotide identity (16). Phage genomes are highly mosaic, meaning that two 

genomes may contain regions that have high sequence similarity with adjacent regions 

having little to no sequence similarity; these similar genomic regions acquired through 

horizontal exchange between phages. Regions that are highly similar even appear in 

distantly related phage (20).  

Genes are classified into “phamilies”(phams) based on sequence similarity, and 

can be present in related and unrelated phage (21). Genes belonging to the same pham are 

thought to have been passed between genomes through illegitimate recombination (22). 

While some clusters include phage with well-characterized genes and genomes, Clusters 

A, K, N, and O (5,6, 25, 7), other clusters are not well understood, including Cluster E 

(8).  

2.3 Cluster E mycobacteriophage 

As of April, 2017, there were 84 members of Cluster E (24). These phages have 

tails of approximately 300 nm and produce slightly turbid plaques on a lawn of M. 

smegmatis (8). Their genomes have structural genes and the lysis cassette located in the 

left arm of the genome, while genes involved in nucleic acid metabolism are located in 

the right arm, a typical characteristic of most phages (18). Cluster E phages are 

temperate, although the mechanism with which they regulate their life cycles has yet to 

be determined (8). Figuring out this process is crucial to  understanding phage-host 

interactions. 

2.4 Phage life cycles 

Phage are considered either temperate or lytic based on their lifestyle. Lytic phage 

inject their genomes into the host cell, hijacking the host transcriptional and translational 
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machinery to generate new virion particles that lyse the host in order to escape into the 

environment to infect new cells (17). Temperate phage maintain a copy of their genome 

within their host, typically by integration into the bacterial genome or 

extrachromosomally similarly to a plasmid, both of which are replicated along with the 

host genome, a state called lysogeny (10).  

One of the most well-characterized temperate phage is the E. coli phage, Lambda. 

Lambda regulates the switch between lytic and lysogenic growth via phage encoded 

proteins CI and Cro; two phage encoded transcriptional regulators. When host protease 

levels are high, CII is subject to proteolytic processing, and is degraded, preventing 

activation (10). Without transcriptional repressor CI, Cro is expressed, binding to 

operator site OR within, blocking transcription of CI from promoter PRM, and allowing lytic 

growth to proceed (12). If host protease levels are low, phage encoded CII is protected by 

CIII and accumulates, allowing transcription of the CI and integrase from promoters PRE 

and promoter PI respectively; establishing lysogeny (12). Lysogeny is maintained by CI’s 

repression of lytic genes until the bacterial SOS response is initiated. The Lambda CI 

repressor utilizes the same initiation mechanism for auto-proteolytic cleavage as the E. 

coli lexA repressor (12). Both proteins are bound by an active RecA filament, which is 

activated by the bacterial SOS signal in response to DNA damage (12). The bound 

protein undergoes a conformational change and self cleavage, leaving the repressor 

unable to bind to its target sequence in the DNA groove. Inactivation of the repressor 

allows repair genes in E.coli to be expressed while allowing Cro expression, which 

initiates lytic growth (12). While this model is well-characterized, mycobacteriophage 

tend to regulate lysogeny via different mechanisms.  

2.5	
  Mycobacteriophage	
  lysogeny	
  regulation 
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Mycobacteriophage can establish lysogeny through a variety of methods. Several 

phages in Clusters G, N, and P, including Cluster G phage BPs, utilize integration-

dependent immunity, where phage attachment site (attP) is located within the repressor 

gene, and upon integration is truncated, producing a stable prophage repressor gene (12). 

The initial structure of the integration cassette is comparable to that of Lambda, with the 

repressor located upstream of the integrase, and divergently transcribed from Cro (12), 

until it is disrupted upon integration. 

Cluster A2 phage L5, lysogeny is established and maintained primarily by 

expression of the gp71 repressor (9). The L5 repressor binds ‘stoperator’ sites within 

promoter PLeft to prevent transcription of lytic genes, and stops transcriptional expression 

at 28 other sites throughout the genome by protein-binding (9). Like the majority of 

prophages, L5 integrates into its host chromosome via expression of a phage encoded 

integrase, either a tyrosine- or serine-class of site-specific recombinases, that leads to 

recombination at a specific site within the bacterial chromosome (9). In Cluster A3 phage 

Ollie, a relative of L5 whose repressors share homology, the predicted repressor, gp80, 

structure does not share homology with the M. smegmatis lexA, like the Lambda CI 

repressor shares homology with the E. coli lexA (Fig.2). Ollie gp90 lacks a potential 

binding site for RecA, as well as the predicted protein structure not featuring a peptidase 

domain (Fig.3). Without the binding of RecA to cause a conformational change in the 

protein structure, and a peptidase to cleave the protein, Ollie cannot utilize the same 

cleavage mechanism as its host. Furthermore, mycobacteriophages Ollie was tested for a 

response to the SOS signal. A sample the M. smegmatis lysogen was treated with 

Mitomycin C and analyzed for changes in concentration of virus particles in culture 
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supernatant. Ollie M. smegmatis lysogen cultures treated with Mitomycin C had lower 

concentrations of  free phage than untreated cultures, indicating that DNA damage, and 

the SOS response, does not promote induction of prophage (Fig.4). This suggests a 

different mechanism of regulating lysogeny for Ollie, and potentially many 

mycobacteriophage. 

A subset of Cluster A mycobacteriophage establish lysogeny using a parABS 

system that allows for extrachromosomal replication of the prophage (23). Similar to 

partitioning systems of bacterial chromosomes and plasmids, expression of phage 

encoded parA and parB allows for segregation from the host genome (23).  

Cluster E phage appear to establish lysogeny by integrating their genome into the 

host genome and maintain it through repression of lytic genes (8). Cluster E phage 

integration cassettes share a similar structure to that of Cluster G phage BPs (Fig.5). In 

model Cluster E phage Ukulele (Fig.1), g49 has been identified as the integrase, and is 

downstream of divergently transcribed genes (Fig.5). Excise and regulator proteins, such 

as the immunity repressor and Cro, require DNA binding domains in order to carry out 

their function. In the Ukulele genome four proteins were identified with a DNA binding 

domain: gp30, gp39, gp52, and gp87 (8).  A phage deletion mutant of gp87 was 

generated but was not successfully purified indicating it is essential for growth and not 

likely the repressor (8). Repressor and excision genes are typically located in the 

integration cassette, an adjacent set of genes related in function to the integrase (10). Of 

these potential genes only gp52 is located near the integrase, gp49, and is divergently 

transcribed; a common characteristic among integration cassettes (10). It could encode 

the repressor, excise, or a cro-like protein (8). The gene exists in a similar position of 
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repressor genes in the Cluster K genome, yet the theoretical protein product is predicted 

to share similarity to the  mycobacteriophage pukovnik excise (8). A Ukulele gp52 

deletion mutant was also isolated but particles were not purified, again indicating that 

gp52 is essential for growth. It is possible that these deletion mutants exist as an 

integrated phage in a lysogen. Upstream of gp52 are several forward-transcribed genes, 

gp53, gp54, and gp55, which have unknown functions, and could play a role in 

integration and establishing or maintaining lysogeny. In Lambda, cro and cI are 

divergently transcribed, and if gp52 expresses a Cro-like protein then it is plausible that 

the divergently transcribed genes could express a repressor like CI (12). 

 

 

Figure 1. Ukulele particle morphology. Electron micrograph of mycobacteriophage 

Ukulele. Scale = 50 nm. 
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Figure 2. Comparison of amino acid sequence similarity between phage and host 

repressors. (Top) Alignment of Ollie gp80 to the M. smegmatis LexA amino acid 

sequence. (Bottom) Alignment of Lambda CI to the E. coli LexA. LexA and CI 

sequences found and aligned on BLAST (36) 

 

 

Figure 3. Comparison of the predicted protein structure of M. smegmatis LexA 

repressor and Ollie gp80.. Structures were constructed using Phyre2 (35) and visualized 

in PyMOL. Amino acid sequences were analysed with HHPred (34) to identify protein 

domains. 
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Figure 4. Mitomycin C treatment of Ollie lysogens. A) Ollie lysogen inoculated with 

Mitomycin C. Each cell contains different dilutions of the Ollie lysogen with Mitomycin 

C. B) Ollie lysogen negative control. Each cell contains different dilutions of the Ollie 

lysogen. 



11	
  
	
  

 

Figure 5. Comparison of BPs and Ukulele integration cassettes. Region mapped using 

phamerator (37). The Ukulele integration cassette is shown on top, and BPs on bottom. 

Genes are shown as boxes above or below the genome ruler to indicate rightward 

transcription (top) or leftward transcription (bottom). Phamily designations are shown 

above each gene with the number of members in parentheses. Genes are colored 

according to their pham designation. Blue arrows indicate predicted sites for promoters. 

Functions are listed for genes that are, or predicted to be, necessary to regulate lysogeny, 

with arrows indicating which gene they belong to. 
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2.6 Identifying gene function through transcriptome analysis 

 Many bacteriophage genomes have been sequenced. They all contain novel genes 

with unknown relatives or function; making it difficult to address which genes are 

required for lytic and lysogenic growth (14). Transcriptomic and functional genomic 

methods can be used to analyze transcription patterns and predict gene function based on 

when they are expressed (14). Using this approach, genes required for lytic growth and 

lysogenic growth were determined for mycobacteriophage Giles, including the 

identification of gene that encodes a repressor that lacks a DNA binding domain; an 

element common to most repressor proteins (14). Significant defects in lysogeny were 

detected in Δ47. Expression from cloned gp47 conferred host immunity to Giles 

superinfection, concluding that it is the phage repressor (14). The experimentally 

gathered evidence is consistent with transcriptome analysis, which reports gp47 having 

the highest level of expression during lysogeny, validating the legitimacy of this 

approach (14).  

 Transcriptome analysis can also provide evidence for novel gene function (25), 

and was performed for on several Cluster N lysogens (25). Using this approach, they 

observed expression of the repressor during lysogeny in model phage MichelleMyBell, 

with little to no expression of the integrase as anticipated (25). Unexpectedly, they 

observed expression from five genes located between the lysis and immunity cassettes, 

gp29-gp33, with homologues present in the many of the other Cluster N phages observed. 

They predicted that lysogenic gene expression in the lysis-immunity region suggests 

these genes could defend against viral attack via nom-repressor-mediated immunity (25). 

To support this claim, they determined efficiencies of plating for 80 phages against 10 



13	
  
	
  

Cluster N lysogens, including both lytic and temperate phages. They observed in over 75 

instances that the efficiency of plating was reduced by four orders of magnitude or more 

(25). None of this is repressor mediated, as these phages plate efficiently on a M. 

smegmatis strain (GB203) containing just the Cluster N phage Charlie immunity cassette 

(25). 

3.0 Materials and Methods 

3.1 Mycobacteriophage and bacterial strains 

 Mycobacteriophage Ukulele was isolated using the enrichment method at the 

University of Maine, from soil collected at Old Orchard Beach, Maine. Lytic and 

lysogenic infections were carried out in M. smegmatis mc2155 (ATCC: 700084; 

NC_008596.1). Total RNA was isolated from these samples in preparation for RNAseq. 

Transformations were performed in E. coli XL1-Blue (Bullock as cited in 30) or NEB 5-

alpha Competent E.coli  (New England Biolabs (NEB), Ipswich, MA). 

3.2 Media and growth conditions 

 E. coli XL1-Blue was grown with shaking at 37 oC in L broth (1% tryptone, 0.5% 

yeast extract, and 0.5% NaCl). Solid media consisted of L broth containing 1.6% agar. 

Kanamycin was added to a final concentration of 50 ng/ml when required. M. smegmatis 

mc2155 was grown on complete media (7H9 broth (BD), 10% AD supplement, 1 mM 

CaCl2, 50 µg mL-1 carbenicillin (Sigma, St. Louis, MO), carboheximide 10 µg mL-1 

(Sigma). Kanamycin was added to a final concentration of 25 ng/ml when required. Each 

organism was incubated at 37˚C with shaking at 220 rpm overnight for transformations 

and plasmid preparations, and until late-log stage of growth (4 d) prior to infection. 

Ukulele-M. smegmatis lysogens were incubated at room temperature with 0.005% 
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Tween-80 (Fisher Scientific, Fair Lawn NJ ), then sub-cultured into complete media 

without Tween-80 and grown until late-log stage of growth (8).  

 
 
 
 
3.3 Lysogen isolation 

Ukulele M. smegmatis lysogens were isolated using a procedure modified from 

W. Pope, G. Sarkis, & G. Hatfull, and Greg Broussard (27). Dilutions of late-log stage M. 

smegmatis were plated on 7H10 agar and seeded with Ukulele lysate. Resulting colonies 

were tested by spotting Ukulele lysate on a bacterial lawn of the potential lysogen, with 

an absence of lysis suggesting true lysogen status (8).  

3.4 Plasmid preparation 

Small-scale plasmid preparations were performed on overnight 3-ml cultures of E. 

coli using a Wizard PureYield Plasmid Miniprep (Promega, Inc. USA, Madison, WI) 

according to the manufacturer's recommendations. Vector pST-KT is a mycobacterial 

expression plasmid that encodes a kanamycin resistance gene (26). Proteins are tagged 

with histidine and FLAG tags (26). Plasmid DNA was stored in TE buffer (10 mM Tris-

HCl; 1 mM EDTA, pH 7.5) and quantified by spectrophotometry using a Nanodrop ND-

1000 spectrophotometer (Nanodrop Technologies, Rockland, DE).                

3.5 Polymerase Chain Reaction (PCR) 

PCR was performed using 1 ng of Ukulele genomic DNA, 0.5 µM of forward and 

reverse primers, Q5 Buffer, Q5 Enhancer, and Q5 Hot Start High-Fidelity DNA 

Polymerase (New England Biolabs, Ipswich, MA) according to the manufacturer’s 

recommendations in 25-µl total reaction volumes. Ukulele gp52 amplification reactions 
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were incubated at 98 °C for 30 sec, then cycled 35 times through 98°C for 10 s, 62°C for 

30 s, and 72°C for 1 min. For the addition of homologous regions to gp52 for use in 

Gibson Assembly, reactions were incubated at 98 °C for 30 sec, then cycled 35 times 

through 98°C for 10 s, 72°C for 1:30 min. 

 
 
Table 1 Primers used for amplification of Ukulele gp52 

 

 

3.6 Restriction endonuclease digestion 

 Reactions endonuclease digests were performed in 20-l total reaction volumes and 

contained CutSmart buffer, 0.1 mg of BSA/ml, 500–1000  ng of total DNA and 10 units 

of each restriction enzyme according to the manufacturer’s recommendations (NEB, 

USA, Ipswich, MA). 

3.7 Agarose gel electrophoresis 

PCR products and DNA fragments were separated on a 2% Seakem LE agarose 

(Lonza, Rockland, ME) gel in TAE in buffer (40 mM Tris, 20 mM acetic acid, 2 mM 

EDTA ). Gels were stained in ethidium bromide (0.5 µg/ml) and visualized via UV 

transillumination. 



16	
  
	
  

3.8 Construction of pST-KT recombinant plasmid 

Plasmid construction will be performed using Gibson Assembly (SGI-DNA, 

Genomics Inc. USA, La Jolla, CA) according to manufacturer’s recommendations. The 

pST-KT plasmid was linearized by BamHI restriction endonuclease digestion. Ukulele 

gp52 was PCR amplified using primers specific to the gp52 coding region within the 

Ukulele genome (Table 1). Ukulele gp52 PCR product was amplified with overlapping 

primers designed to add regions of complementarity with pST-KT to gp52. Specific 40-nt 

overlapping sequences were added to the 5’ ends of the forward and reverse primers, and 

were complementary to the sequences flanking the BamHI restriction site in pST-KT 

(Table1).  

3.9 Transformations                                                                        

 Transformations were performed in NEB 5-alpha competent E. coli (NEB) 

according to manufacturer’s recommendations.  

3.10 DNA sequencing 

To confirm the recombination of Ukulele gp52 into the pST-KT vector, 

recombinant plasmid DNA will be sequenced at University of Maine DNA Sequencing 

Facility (Orono, ME). 

3.11 Total RNA isolation and RNAseq 

The M. smegmatis-Ukulele lysogen and M. smegmatis was grown at 37oC to an 

OD600 of 1.0. Cells were pelleted and resuspended in phage lysate at a multiplicity of 

infection (MOI) of 3.0. Control cells were resuspended in equal volume of phage buffer 

(10 mM Tris, pH 7.5; 10 mM MgSO4; 68 mM NaCl; and 1 mM CaCl2). Cells in triplicate 

3.0-ml samples were harvested from the control flask at 0 min and from virus-treated 
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flask at 30 min and 2.5 h and treated with  6 ml of RNAProtect Bacteria Reagent (Qiagen 

Inc., Hilden, Germany) for 5 min. Cells were centrifuged 1 min at 5000 x g, and the 

supernatant removed. Pellets were resuspended in 100 μl of RNAse-free TE containing 

lysozyme. After a 10-min incubation at room temperature, 700 μl of RLT buffer 

(QIAGEN) was added. The samples were transferred to 2.0-mL tube Lysing Matrix B 

(MP Bio, Santa Ana, CA) and subjected to bead beating in ice-cold blocks of the 

TissueLyser (QIAGEN) for 10 pulses of  20 s (30 Hz). Samples were centrifuged for 1 

min at 12,000 x g. Total RNA was isolated from each sample using the RNAeasy Mini 

Kit (Qiagen) according to the manufacturer’s instructions. Samples were treated twice 

with DNAse. During RNA isolations RNA was treated with DNAseI on the column 

(Qiagen).  After eluting RNA in 50 l of water, samples were treated with Turbo DNAseI 

(Ambion). RNA was analyzed for quality by agarose gel electrophoresis and and quantity 

by Nanodrop spectrophotometry (Nanodrop). Samples were sent to the Delaware 

Biotechnology Institute (Newark, Delaware) for ribo-depletion, quality control analysis 

and paired-end RNA-seq library preparations. , Libraries were sequenced by 50-bp read 

HiSeq Illumina sequencing (Illumina, Inc., USA, San Diego, CA). 

3.12 Analysis of Ukulele and M. smegmatis transcriptomes 

Diagnostic analysis of FASTQ data for each sample was performed using Galaxy 

(Penn State University). Reads were trimmed using Trimmomatic to remove specific 

adapters and low quality reads (Add Reference for Trimmomatic PMID: 24695404). 

Short reads were aligned to both the M. smegmatis and Ukulele reference genomes using 

Bowtie (Add reference for Bowtie PMID: 19261174), generating SAM files. SAM files 

were converted to BAM files using samtools (Add reference for samtools PMID: 
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19505943). The GenBank file for the Ukulele genome was converted into a GTF file 

using a custom Perl script (42). To perform differential analysis, the counts per read that 

map to each feature, or gene, was generated using htseq-count (28). Reads were 

normalized using edgeR (28), which utilizes the trimmed mean of M values, and 

estimates the dispersion based on a trended mean (28). This process created tab-delimited 

text files with annotated lists of differentially expressed genes and their statistical 

significance. Aligned reads (BAM files) were viewed in the Integrative Genomics Viewer 

(IGV) as a means of quality control for the genome annotation and expression levels 

across samples (29). 

3.13 Computational analysis of Ukulele genes 

 Protein structures encoded by genes of interest were predicted by Homology 

detection & structure prediction by HMM-HMM comparison (HHPred) (34) and Protein 

Homology/analogY Recognition Engine V 2.0 (Phyre2) (35). Sequences were aligned 

with Basic Local Alignment Search Tool (BLAST) (36). 

4.0 Results 

4.1 “Marker” genes are not expressed when predicted 

 Specific phage genes encode proteins with strict functions and expression profiles 

(33). Examining when these genes, “marker” genes, are expressed can be used to measure 

the validity of gene expression levels. Genes necessary for DNA replication are required 

to be expressed during early lytic growth to prepare for the production of new viral 

progeny (33). Structural genes necessary for the production of new phage particles are 

required to be exclusively expressed during late lytic growth in order to prevent 

premature bacterial cell lysis (33).  
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Ukulele gp22 and gp108 should have strict expression profiles. Ukulele gp22 

encodes the Tape Measure protein, which is necessary for construction of the phage tail, 

and should be expressed during late lytic growth, while gp108 encodes a DNA 

polymerase III subunit, and should be expressed during early and late lytic growth (33). 

Ukulele gp22 is expressed during both late lytic and lysogeny with no statistically 

significant difference between the two levels of gene expression, and gp108 is expressed 

during both late lytic and lysogeny with no statistically significant difference between the 

two levels of gene expression (Fig.6). 

Ignoring normalization of the data, the raw read counts for each time point 

indicate that there is 3-fold increase in reads for Ukulele gp22 and a 2.5-fold increase in 

reads for Ukulele gp108 in the lysogenic samples compared to the late lytic (Table 2).  

 

 

Figure 6. Boxplots of Ukulele genes with a strict expression profiles. X-axis indicates 

sample, and Y-axis shows log2 (counts per million) of RNAseq reads mapping to each 

gene. 

 
 
Table 2. Averaged raw read counts for “marker” genes 
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4.2 None of the five genes predicted to encode DNA binding proteins are exclusively 

expressed during lysogeny. 

 Five genes were predicted to encode DNA binding proteins with helix-turn-helix 

domains commonly found in regulatory proteins (Fig.7) (8). Of these five genes, none are 

exclusively expressed during lysogeny (Fig.8). Ukulele gp30, gp39, and gp52 are all most 

highly expressed during early lytic growth (Fig.8). Ukulele gp100 is most highly 

expressed during late lytic growth (Fig.8). Ukulele gp87 is expressed during both early 

lytic and lysogeny with no statistically significant difference between the two levels of 

gene expression (Fig.8).  
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Figure 7. Predicted tertiary structure for Ukulele DNA binding proteins (8). Ukulele 

has five ORFs predicted to encode proteins with DNA binding domains: gp30 (A), gp39 

(B), gp52 (C), gp87 (D) and gp100 (E). Folding predictions were made using the program 

Phyre2 (35). 

 

 

Figure 8. Genome map of Ukulele with indication of significant upregulation of 

genes. Blue, red, and yellow genes indicate genes upregulated during early lytic, late 

lytic, and lysogenic growth respectively. Purple, green and orange genes indicate 

upregulation during multiple time points; both early and late lytic, early lytic and 

lysogenic, and late lytic and lysogenic respectively. 
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4.3 Genes within the integration cassette are expressed during early lytic growth 

 To determine when genes were most highly expressed, log2(CPM) reads were 

compared across biological replicates and each sample. Within the integrase cassette, 

Ukulele gp49 is highly expressed during each time point, gp51 is highly expressed during 

both early and late lytic growth, and gp50, gp52, gp53, gp54, gp55, gp56, and gp57 are 

all most highly expressed during early lytic growth (Fig.9).  

 Ignoring normalization of the data, the averaged raw read counts of gp50, gp52, 

gp53, gp54, gp55, gp56, and gp57 are highest during early lytic growth, and highest 

during lysogeny for gp49 and gp51 (Table 3).   

 

 

 

Figure 9. Ukulele integration cassette. Region mapped using phamerator (Cresawn et 

al., 2011). Genes are shown as boxes above or below the genome ruler to indicate 

rightward transcription (top) or leftward transcription (bottom). Phamily designations are 

shown above each gene with the number of members in parentheses. Genes colored blue 

are most upregulated during early lytic growth. Genes colored purple are upregulated 

during early and late lytic growth with no statistically significant difference. 
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Table 3. Averaged raw read counts for genes within the Ukulele integration cassette  

 

 

4.4 Eight genes are consistently upregulated during lysogeny 

Pairwise comparisons between each growth phase (Lytic 150 vs Lysogen and 

Lytic 30 vs Lysogen) were made to observe the log fold-change of gene expression 

across samples and measure the statistical significance. Due to background expression of 

early and late lytic genes in the lysogen samples, genes upregulated in lysogeny but not 

during either lytic growth phase were identified (Fig.8). Of these genes, only 8 genes in 

Ukulele that are consistently upregulated during lysogeny: gp3, gp71, gp93, gp94, gp95, 

gp96, gp97, and gp102. Predictions made by HHPred (34) for Ukulele gp3, gp71, 

gp93  included only low probability matches to protein structures in the databases 

(Fig.10). Genes encoding predicted protein structures with high probability matches 

include gp94, matching to an adenine-specific methyltransferase, gp95, matching to a 

ssDNA binding protein, and gp96, matching to an ATP dependent Clp protease (Fig.10). 
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Figure 10. Protein structures/functions and probabilities for 8 consistently 

upregulated 

Ukulele has eight genes consistently upregulated during lysogeny: gp3 (A), gp71 (B), 

gp93 (C), gp94 (D), gp95 (E), gp96 (F) and gp97 (G). 

 

 

 

5.0 Discussion 

Mycobacteriophage are diverse viruses that infect bacteria of the genus 

Mycobacterium (1). By studying mycobacteriophage and their gene function, we can 

better understand how they interact with their mycobacterial hosts; giving us insight into 

host physiology that could lead to the creation of early detection methods (31), molecular 

tools to manipulate mycobacterial cells (2), and new treatment options such as phage 

therapy (38). In order to understand the phage-host relationship, it important to 

understand how phage regulate their life cycles. While this process is understood in 

phage belonging to other clusters, including Clusters A, K, N, and O (5,6,25,7), Cluster E 

phage are not well characterized (8). This study aimed to identify what genes are 

essential for establishing and maintaining lysogeny in Cluster E phage, using Ukulele as a 
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model; determining the function of candidate regulator genes within the Ukulele 

integration cassette. 

5.1 Strengths and weaknesses of RNA-seq study 

 RNA-seq is an incredible tool for transcriptome analysis; having both advantages 

and drawbacks. The primary advantage of this approach is the broadness of scope. RNA-

seq allows for the observation of differential gene expression across the entirety of the 

Ukulele genome; across multiple time points. Looking at gene expression in a global 

way, and observing how gene expression changes between lytic and lysogenic growth, 

can direct the focus of future analysis and experiments to more specific regions of the 

genome. Perhaps the biggest issue with this study is only having three biological 

replicates, which might not adequately account for inherent biological variation across 

samples. The only way to account for this variation would be to reproduce this 

experiment with many biological replicates. Also, what makes this study invaluable is 

also a problem. Gene expression is broad and relative to the sensitivity of read depth 

across the entire genome, and the correlation between transcription and translational 

levels, that create phenotypic changes, is being assumed. To validate these results it 

would be advisable to perform qRT-PCR to increase the sensitivity for specific genes of 

interest, and validate differential expression across samples. It would also be advisable to 

perform mass spectrometry to detect the presence of translational products of genes of 

interests. 

5.2 Lytic growth highly induced during lysogeny 

Expression levels of both early and late lytic “marker” genes are equally as high 

during lysogeny (Fig.6). Late lytic gene gp22, the tapemeasure gene, should be expressed 
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exclusively during late lytic growth, however it is expressed during late lytic and 

lysogenic growth with no statistically significant difference in the level of gene 

expression (Fig.6). Early and late lytic gene gp108, the DNA polymerase III subunit, 

should be expressed during early and late lytic growth, however it is expressed during 

late lytic and lysogenic growth with no statistically significant difference in the level of 

gene expression (Fig.6).  

It is likely that lytic growth is highly induced during lysogeny, and would explain 

the high level of lytic gene expression present in the lysogen samples (Fig.8). For many 

of these genes it would not make sense to be expressed during lysogeny, such as the 

capsid or tail proteins, because it would be a metabolic waste for the phage to begin 

creating viral progeny in a prophage state. Late lytic genes lysin A and lysin B are 

cytotoxic, and have to be expressed during late lytic growth to ensure that the virus can 

create new virion particles prior to lysing the cell. However, both of these genes are 

expressed during lysogeny and late lytic growth with no statistical significance, which if 

expressed during lysogeny would result in premature cell lysis, and Ukulele could not 

replicate (39).  

When incubated at 37 oC, Ukulele M. smegmatis lysogens have a titer or 1x1010 

PFUs/ml (8), which is much greater than the other lysogens, like an Ollie M. smegmatis 

lysogen which has  a typical titer closer to1x106 PFUs/ml (41). The high concentration of 

particles in the culture supernatant suggests that Ukulele is a weak lysogen. If Ukulele is 

a weak lysogen then there would be a high incidence of lytic growth induction from 

Ukulele prophages. This would  result in high levels of lytic gene expression, which was 

observed in the Ukulele expression profile created by RNAseq. This high level of lytic 



27	
  
	
  

gene expression present in the lysogenic expression profile makes it difficult to make 

definitive conclusions about which genes are essential for establishing and maintaining 

lysogeny. When incubated at room temperature, Ukulele M. smegmatis lysogens have a 

titer of up to 8x109 PFUs/ml (8). Increased lytic induction may occur at a higher 

temperature due to a change in host metabolism or due to the change in temperature 

affecting phage repressor protein stability, although the actually cause is unknown. A less 

likely, but possible explanation of, lytic expression during lysogeny is that these genes 

are required during both phases, and therefore expressed during both.  

5.3 Ukulele gp52 is not the immunity repressor 

 Ukulele gp52 is likely an excise or Cro-like protein. It is upregulated during early 

lytic growth compared to both the late lytic and lysogenic samples, with statistical 

significance (Fig.9), which is when excise or Cro should be expressed (11). If it 

functioned as the immunity repressor it would be expressed during lysogeny to silence 

lytic gene transcription. Also, deletion of gp52 hinders lytic growth (8). When gp52 is 

deleted from the phage genome, 52 mutants can only be detected in the presence of wild 

type Ukulele, and pure mutants cannot be isolated (8). Both Cro and excise are vital for 

lytic growth induction, and either being deleted would result in an inability to exit the 

host cell. Finally, gp52 is predicted to encode a DNA-binding protein (8) which is 

necessary to function as a transcriptional regulator, such as a Cro-like protein, and is 

share predicted structure with the winged helix DNA binding domain of the 

mycobacteriophage Pukovnik excise (8). 

5.4 Characterized lysogenic genes and genes encoding predicted DNA binding 

proteins are nonessential for lysogeny 
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 Of the genes consistently upregulated during lysogeny, none of them have 

predicted functions that are necessary for lysogeny (Fig.10), and all are located within 

predicted lytic operons (Fig.11). The raw read counts agree with the statistical 

significance, all of these genes having much higher read counts during lysogeny than 

either lytic growth phase (Table 4). While it is possible that these genes are lysogenic 

genes, it is also possible that they are present in the lysogenic expression profile due to 

lytic induction during lysogeny.  

 Of the five genes predicted to encode DNA binding proteins, none stand out as 

obvious candidates for the repressor (Fig. 10). Several of the genes have predicted 

functions that are unrelated to the immunity repressor, and all but gp87 are exclusively 

expressed during lytic growth (Fig. 8). Although gp87 is predicted to encode a protein 

with DNA binding domain that is structurally similar to a repressor/lambda	
  repressor-­‐

like	
  (Fig.8),	
  previous experiments suggest that gp87 is necessary for lytic growth (8), and 

it is located within a predicted early lytic operon (Fig.11). Although it is upregulated 

during lysogeny and early lytic growth with no statistically significant difference (Fig.8), 

it is likely that its presence in the lysogen samples is due to high amounts of lytic 

induction.  

 

 

 

Table 4. Averaged raw read counts for genes located outside of predicted lytic 

operons 
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5.5 Conclusions and future work 

 This research has contributed to the characterization of Cluster E lysogeny 

regulation and overall gene expression profile using Ukulele as a model phage. Using 

RNAseq and computational analysis, gene expression profiles were created for many of 

the genes in Ukulele giving insight into gene functions. Ukulele gp52 is not the immunity 

repressor, and none of the other previously identified genes predicted to encode DNA 

binding proteins are promising candidates. It is difficult to make definitive claims about 

the expression profile of the Ukulele lysogen because of high lytic induction, leading to 

high lytic gene expression detected. 

Additional experiments are needed to confirm that Ukulele gp52 is necessary for 

lytic growth.  To confirm that gp52 does not encode the repressor, gp52 will be 

overexpressed in M. smegmatis (pST-KT-gp52) and will be tested for superinfection 

immunity to Ukulele infection. Given that there are no obvious candidates for the 

repressor, it might be worthwhile to create a Ukulele29 mutant and observe its ability to 

form a lysogen, just to rule it out or gather further evidence to support the idea that it 

might serve as a nontraditional repressor. It would also be advisable that RNA be isolated 

from a Ukulele M. smegmatis lysogen grown at a lower temperature to increase stability 

and decrease lytic induction. Without reads mapping to lytic genes in the lysogenic 

expression profile, it would be much clearer which genes are required during lysogeny. 
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