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Abstract 
 

Bacteriophages are the largest remaining body of undescribed biodiversity on the 

planet.  The present study attempted to isolate and analyze the structure and genetics of a 

novel mycobacteriophage extracted from a soil sample. It was hypothesized that 

undescribed phages exist in the study area.  A phage, named CCP1, was isolated from 

soil obtained in Helena, Montana, U.S.A. via serial plating of phage material taken from 

plaques formed in Mycobacterium smegmatis.  Genetic and morphological analyses by 

restriction enzyme fragment length polymorphism (RFLP) analysis and transmission 

electron microscopy (TEM) respectively, suggest that CCP1 is a novel 

mycobacteriophage.
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Introduction 
 

Bacteriophages constitute the greatest body of undescribed biodiversity on earth 

(Hambly and Suttle 2005) and are widely believed to be the most abundant nucleic acid 

containing entity in the biosphere (Pedulla et al. 2003). It is estimated that there may be 

greater than 1031  bacteriophages on the planet (Wommack and Colwell 2000).

 
Bacteriophage genomes are mosaic, that is, they are comprised of many relatively small 

 
units which can be exchanged with other phages via horizontal gene transfer, analogous 

to that which occurs in bacteria, albeit at a considerably faster rate (Hatfull 2008). 

Phages also act as vectors for bacterial gene transfer via transduction. Genetic 

interactions between phages and their hosts have a significant influence on the rate of 

genetic mutation in bacteria, influencing the rate of bacterial evolution as a whole (Pal et 

al. 2007). The presence of similar and even identical nucleic acid sequences in phages 

residing in a wide variety of environments demonstrates the vast extent of gene transfer 

between phages (Hambly and Suttle 2005). 

Bacteriophages are distinguished by their nucleic acid type and structure (double 

or single stranded DNA or RNA) as well as by their overall morphology (Brüssow and 

Hendrix 2002).  The vast majority of described phages have tails which assist with the 

mechanical process of infecting a host (Fokine and Rossman 2014).  Among the tailed 

phages (Caudovirales), there are the myoviradae which have long contractile tails, and 

the sypho- and podo- viridae which have long, non-contractile and short, non-contractile 

tails, respectively (Brüssow and Hendrix 2002).  Phages have long been the focus of 

genetic study and the first DNA genome ever to be completely sequenced was from the 

phage phi X 174 (Sanger et.al 1977).  However, the vast majority of phages remain



McNamee 5 
 

 
 

undescribed and as of 2003, it was estimated that only about 0.0002% of the worldwide 

phage metagenome had been documented (Rohwer 2003). As of 2007 only about 5,500 

phages had been visualized via electron microscopy (Ackerman 2007). 

Furthering scientific understanding of phage genetics offers numerous potential 

benefits, including a variety of applications in medicine. One potential application, which 

has interested scientists since the early twentieth century, is the use of phages as 

antibiotic agents (Keen 2012). Most notably, studies have investigated the plausibility of 

using mycobateriophages to detect and treat tuberculosis (Hatful 2014). Phages which use 

Mycobacterium smegmatis as a host are likely to be particularly useful in this application 

due to the genetic similarities between M. smegmatis and Mycobacterium tuberculosis. 

Although past attempts to utilize phages to treat tuberculosis in vivo have not been 

successful (McNerney and Traore 2005), recent breakthroughs suggest this may be 

possible. For example, the mycobacteriophage, Bo4, was shown to be able to infect and 

lyse M. tuberculosis with little risk of either harm to mammalian immune systems or 

gene transfer which could increase the virulence of the bacteria (Gan et al. 2014).  Also, 

phage-based PCR assays can be used to assess the susceptibility of M. tuberculosis to 

various antibiotics more quickly than traditional methods (Foonglada et al. 2014).  While 

such studies are promising, in order for phage therapy to become established as a tool for 

combating infectious disease, it is necessary to considerably expand scientific knowledge 

of phage genetic diversity (Nilsson 2014). 

The objective of my research is to isolate a novel mycobacteriophage and 

document its structure and genome. Given the vast proportion of the global phage 

metagenome yet to be described and the mosaic nature of phage genomes, I hypothesize
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that novel mycobateriophages with mosaic genomes exist in the environment near my 

research site at Carroll College (Helena, Montana, United States of America). I predict 

that soil samples collected from the study area will yield novel mycobacteriophages 

which can be amplified using M. smegmatis as a host. Furthermore, I expect that the 

genomes of these viruses will contain mosaic elements shared by previously described 

phages. 

Materials and Methods 

 
M. smegmatis Culture Preparation 

 
The M. smegmatis used in the present study as a phage amplification host was 

cultured in a sterile growth medium consisting of Middlebrook 7H9 liquid media with 

10% albumin supplement.  The growth medium also contained 1 mM CaCl2 to facilitate 

eventual phage infection.  In addition, 50 μg/mL carbenicillin and 10 μg/mL 

cycloheximide were added to the medium to act as an antibiotic and antifungal, 

respectively.  Carbenicillin was selected as an antibiotic due to the resistance of M. 

smegmatis to its antibiotic effect.  Thus carbenicillin prevented growth of all bacteria 

except M. smegmatis in the cultures.  An initial liquid culture was produced from freeze 

dried M. smegmatis in the 7H9 medium, which also contained Tween 80 detergent, to 

prevent the formation of cell clusters.  This culture was incubated overnight at 37°C 

while shaking at 200 rpm in a baffled flask.  Subcultures were later produced by 

introducing 25 μL of this liquid culture into 250 mL of the same growth medium without 

Tween 80 in sterile baffled flasks.  The subcultures were allowed to incubate at 37°C 

while shaking at 200 rpm for approximately 24 hours before use.
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Sample Enrichment 
 

 

Phage was obtained from soil samples collected in western Helena, MT, United 

States.  Samples were initially collected by filling 946 mL sandwich bags approximately 

half full with soil.  Each sample was then enriched by placing approximately 0.5 g of soil 

in a glass test tube with 5 mL of the M. smegmatis culture described above.  This mixture 

was incubated for 2 days at 37°C.  The purpose of this enrichment step was to provide 

ample time and optimal conditions for phages specific to M. smegmatis to multiply, 

thereby providing a more robust population of these phages for isolation.  After 

incubation, the liquid portion of the enrichment mixture was transferred to a 15 mL 

centrifuge tube and centrifuged at 2000XG for 10 minutes.  Approximately 1 mL of the 

supernatant was filtered through a 0.22 um filter into a sterile micro- centrifuge tube. 

One hundred microliter serial dilutions of 10-1, 10-2, 10-3, and 10-4 times the original 

concentration were made using a pH 7.5 sterile phage buffer solution consisting of 10 

mM Tris, 10 mM MgCl2, 68 mM NaCl, and 1 mM CaCl2. 

Ten microliters of each dilution was introduced to a 0.5 mL aliquot of M. 

smegmatis culture.  The undiluted solution was also put in culture.  An additional aliquot 

of culture contained 10 μL of phage buffer as a negative control. The phage infected 

cultures were incubated as before for approximately 24 hours.  A top agar mixture 

consisting of 4.5 mL of 0.7% Middlebrook top agar (MBTA) with 50% 7H9 liquid 

medium, and 1 mM CaCl2 was combined with the infected cultures then immediately 

plated on solid, prewarmed 7H10 agar. The 7H10 agar also contained carbenicillin, 

cycloheximide and albumin supplements in the same concentrations as used in the 7H9 

growth media.  Once the top agar had solidified, the plates were inverted and incubated at 

37°C overnight.



McNamee 8 
 

 
 
 

Phage Purification 
 

Once plates showed visible plaques (areas in which bacteria had been eradicated 

by phage), a sterile pipette tip was used to transfer phage from a plaque into 100 μL of 

pre-aliquoted, sterile phage buffer in a sterile Eppendorf microcentrifuge tube. This 

solution was serially diluted to 10-2, 10-3, and 10-4 in phage buffer containing 1 mM 

CaCl2.   Ten microliters of each dilution were then added to a 0.5 mL aliquot of M. 

smegmatis culture and allowed to sit for 20-30 minutes. Four and a half milliliters of 

MBTA was added to each aliquot of infected bacterial culture and plated on 7H10 agar as 

before.  After incubation overnight at 37°C, a well-isolated plaque was once again 

transferred into a phage buffer aliquot, diluted, plated and incubated according to the 

same protocol as before. This process was repeated a total of three times. 
 
 

Phage Amplification 
 

After the final round of plating and incubation, 4.5 mL of phage buffer with 

calcium was added to a plate in which most of the bacteria had been eradicated by phage. 

The plates were swirled upon addition of phage buffer and were left at room temperature 

for approximately 4 hours.  The lysate liquid was then syphoned from the plate and filter 

sterilized with a 0.22 uM syringe filter into sterile containers.  Serial dilutions of the 

filtered lysate were made and plated with M. smegmatis to determine which dilution 

yielded the best web pattern, that is, a plate mostly cleared of bacteria in which individual 

plaques can still be appreciated.
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After determining the best dilution for yielding an optimal web pattern, 5mL of 

M. smegmatis was infected with 100μL of the appropriate dilution in a 250 mL flask. 

Forty-five milliliters of 0.35% MBTA containing 1 mM CaCl2 was then added to the 

flask.  Eight, 5 mL aliquots of the resulting mixture were then quickly plated.  After the 

top agar hardened, the plates were incubated overnight at 37°C. 

After incubation, 8 mL of calcium-containing phage buffer was added to each 

plate and allowed to sit at room temperature for 2-4 hours. The resulting lysate from each 

plate was syphoned off, and all of the lysate was combined into a centrifuge tube.  This 

was centrifuged for 20 minutes at 2500XG to remove debris.  The resulting supernatant 

was filter sterilized and stored at 4°C.  Later the titer, that is, the concentration of phage 

in plaque forming units per unit volume (pfu/mL) was determined.  This was done to 

ensure that the concentration of phage was sufficient for electron microscopy and 

restriction digest analysis of phage DNA. 

Phage DNA Isolation 
 

Ten milliliters of the sterile lysate described above was transferred to a sterile Oak 

Ridge tube.  Forty microliters of a nuclease mix containing 0.25 mg/mL of DNase 1 and 

RNase A was added to the tube and mixed via gentle inversion. The tube was then 

incubated at 37°C for 30 minutes followed by one hour of incubation at room 

temperature.  This nuclease mix was added to degrade any DNA external to the phage. 

Four milliliters of a phage precipitant solution containing 30% polyethylene glycol and 3 

M NaCl was then added to the tube.  The tube was then stored at 4°C overnight. 

 
The next day, the tube was centrifuged at 10,000XG for 20 minutes. The 

supernatant was decanted carefully, ensuring that the pellet remained intact. Then, 0.5
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mL of deionized H2O was added to the pellet and pipetted up and down to re-suspend the 

pellet. The suspended pellet was allowed to sit at room temperature for 5-10 minutes. A 

Promega DNA Clean Up kit was then used to extract and isolate the phage DNA from the 

pellet.  DNA was stored at 4o C. 

Restriction Enzyme Analysis 
 

The concentration of the extracted DNA was determined via spectrophotometry to 

ensure that sufficient quantity of DNA was available for restriction digest and 

electrophoresis.  A restriction enzyme analysis was set up using the enzymes BamHI, 

ClaI, EcoRI, HaeIII, and HindIII.  Each digest contained 0.5 μg of extracted phage 

genomic DNA, 1 μL of its respective enzyme, 2 μL of albumin supplement, 2μL of 

appropriate enzyme buffer, and enough  sterile, nuclease free water to reach a final 

volume of 20 μL. The digests were loaded into a 0.8% (weight/volume) agarose gel along 

with a 1000kb ladder and run with 100 volts at room temperature until the loading dye 

was within 1-2 cm of the end of the gel (1-2 hours).  The gel was then stained with 

ethidium bromide for approximately 30 minutes.  After de-staining in deionized water for 

approximately 10 minutes, the gel was photographed.  UV light was transmitted through 

the gel while it was photographed in order to make ethidium bromide bound DNA 

fluoresce. 

The online bioinformatics tool, “Phage Enzyme Tool,” (PET) described by 

Gissenanner et al. (2013) was used to compare the combination of restriction fragment 

length polymorphism patterns produced with each of the enzymes listed above against a 

large database of described phages (approximately 800).  The phylogeny generator
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associated with this program, PHYLIP, described by Felenstein (1989) was used to create 

phylogenies based upon restriction fragment polymorphisms. 

A portion of the remaining high titer lysate was transported to Montana State 

University (MSU) in Bozeman, Montana, United States.  There, samples of this aliquot 

were imaged using transmission electron microscopy with the supervision and assistance 

of a faculty member from MSU. 

Results 
 

An enriched soil sample, collected near the base of a tree (N 46° 37.5’ W 112° 

 
01.6’), yielded numerous plaques after plating with M. smegmatis (Figure 1).   The 

plaques showed a variety of sizes and morphologies, suggesting that multiple phages 

were represented.  The plate which contained the 10-3 dilution of phage solution from the 

enriched sample was the easiest on which to visualize individual plaques. 

 
 
Figure 1. Plaques found in serial dilutions of filtered supernatant from enriched soil 

sample.  Top row, from left to right: 10-1 dilution of phage solution, 10-2 dilution.  Bottom 

row, from left to right:10-3 dilution, 10-4 dilution.
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From one of the relatively large plaques on the 10-3 plate, phage material was 

picked for further purification.  The plaque pattern after final purification of this phage 

material is shown in Figure 2.  The phage present after final purification was formally 

termed CCP1, an abreviation for Carroll College Phage 1. 

 
 
Figure 2. Plate containing phage material after final purification.  Note the consistent 

morphology of plaques regardless of plaque size. 

Electrophoresis of the restriction enzyme digests of the isolated viral genome 

generally yielded clear banding patterns (Figure 3a).  It was difficult to discern clear 

bands in the HaeIII digest.  Therefore additional digests were performed to determine 

whether the presence of albumin affected enzyme activity (Figure 3b). Although these 

separate digests suggest that albumin does not significantly affect the activity of HaeIII, 

they did provide somewhat clearer banding patterns.
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a)                                                                  b) 
 

Figure 3. Restriction digest electrophoresis of the isolated phage DNA. a) From left to 

right: DNA ladder, undigested phage DNA, followed by DNA digested by BamHI, ClaI, 

EcoRI, HaeIII, and HindIII. b) Further digests with HaeIII. From left to right:  1000kb 

DNA ladder, HaeIII without albumin supplement, HaeIII with albumin supplement. 

Comparison of the RFLP analysis of CCP1 against all documented phages in the 

PET database showed that CCP1 does not match any of the documented phages.  A 

PHYLIP generated, non-rooted phylogeny based on restriction fragment analysis (Figure 

4), showed CCP1 at the periphery of the phylogeny.
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Figure 4. Non-rooted phylogenic comparison of CCP1 and all phages in PET 

database. Note the peripheral position of CCP1. 

Using a rooted phylogeny (Figure 5a), the most closely related phages to 

CCP1 were determined. These included members of 5 out of 49 existing subclusters: 

N, A5, K1, K4, and A1.  Figure 5b shows the phylogeny of CCP1 and i
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b)
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Figure 5. a) Rooted phylogeny of CCP1 and all documented phages from PET database. 

CCP1 is designated as the root.  Note that all phages in most closely related positions are 

from subclusters NN, A5, A1, K1, and K4. b) Phylogeny of CCP1 and the most closely 

related phages according to 5a. Again, CCP1 is the designated root. 

A rooted phylogeny of CCP1 and all phages from the clusters NN, A5, A1, K1, 

and K4 was also constructed (Figure 6), detailing the relatedness of CCP1 to its most 

closely related clusters.
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Figure 6 Phylogeny of CCP1 and its most closely related subclusters.  Red boxes show 

which subclusters are represented at each locus. CCP1 is the designated root.
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TEM images (Figure 7) suggest that CCP1 is probably of the myoviridae 

morphotype, given its long, apparently contractile tail.  The tail was categorized as 

contractile based on the variety of tail positions visualized in TEM images. Such 

positions range from nearly linear (Figure 7c) to a gentle sigmoid curve (Figure 7a, d) to 

sharply curved (Figure 7b). The imaged phages were of comparable size to one another 

with head diameters ranging from 47.64 nm to 58.85 nm and tail widths ranging from 

9.61 nm to 13.75 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a)                                                           b) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c)                                                            d) 
 

Figure 7. TEM images of CCP1. Note consistent head morphology, and the variety 

of tail positions which indicate a contractile tail.
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Some phages were observed via TEM which showed morphological deviations 

from the norms shown in Figure 7.  There were a few phages observed that did not appear 

to have tails, although some of these phages did appear to have truncated tail stumps. 

Examples of such abnormal phages are shown in Figure 8. 

a)                                                               b)

 

 

 

Figure 8. “Abnormal” phages observed via TEM.  Note the “tail stump” (indicated by 

arrow) in a, and the apparent lack of tail of the phage in b. 

Discussion 
 

The results obtained suggest that a single phage was successfully isolated.  The 

phage CCP1 provided an uncomplicated electrophoretic banding pattern which is rare in 

comparison to other phages in the PET database.  Such a pattern would be unlikely if 

CCP1 was a mixture of two or more different phage genomes. The fact that HaeIII has 

four base recognition sites suggests that it would cut genomic DNA much more 

frequently than the other enzymes which have six base recognition sites. This would 

explain why HaeIII generally yielded a smear of many small restriction products than 

rather than discrete bands. The consistent morphologies of plaques after final purification 

of the phage was also an indication of homogeneous phage makeup. Additionally, the 

fact that CCP1was shown to be closely related to only 5 out of the 49 established phage
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subclusters suggests that the genomic DNA of CCP1 alone was analyzed. Furthermore, 

the majority of phages observed with TEM showed very similar morphologies and sizes. 

The morphological anomalies detailed in Figure 8 might represent CCP1 phages which 

lost their tails due to mechanical damage during isolation.  Another possible explanation 

for these anomalies is that their tails were obscured by imaging stain or non-optimal 

grayscale settings.  Conversely it is possible that these unusual phages represent minor 

contamination to the high titer lysate. 

The restriction analysis via PET provides strong evidence that CCP1 is a novel 

mycobacteriophage, given that its restriction pattern matched no other phage in the 

database containing approximately 800 phages.  Given the vast diversity and size of the 

global phage metagenome, it is highly probable, from a numerical standpoint, that CCP1 

represents a previously undescribed phage. 

Further research, in the form of complete sequencing of the CCP1 genome, 

promises to answer multiple outstanding questions about this phage. Principally, it would 

make it possible to assign CCP1 to a specific cluster and subcluster. Based on the 

phylogenies constructed, it is difficult to determine exactly where CCP1 belongs.  It is 

noteworthy that CCP1’s two closest relatives, SkinnyPete and Jabiru, belong to entirely 

different clusters.  This might be an indication that CCP1 is a member of a novel cluster. 

Finally, complete genomic sequencing, followed by comparison with the genomes of 

other described phages could reveal whether the genome of CCP1 shows mosaic 

qualities.
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