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Bacteriophages are the dark matter of
the biological universe: the popula-

tion is vast and replete with novel genes
whose function is unknown. The geno-
mic insights such as the mosaic architec-
ture gleaned from perhaps 2,000
currently sequenced bacteriophage
genomes is far from representative of the
total number phage particles in the bio-
sphere - about 10̂31. The recent compar-
ative analysis of 627 mycobacteriophages
isolated on Mycobacterium smegmatis
mc2 155 is the most extensive examina-
tion yet in pursuit of this question.

Bacteriophages are the dark matter of
the biological universe,1 the population is
vast and replete with novel genes whose
function is unknown.2 The genomic
insights such as the mosaic architecture
gleaned from perhaps 2,000 currently
sequenced bacteriophage genomes is far
from representative of the total number
phage particles in the biosphere – about
1031,3 and to consider it even a scratch of
the surface is overly optimistic. There are
no sequenced phage genomes for the vast
majority of the millions of different
potential bacterial host strains, and cur-
rently the median number of phage
genomes per bacterial genus is a miserable
2!4 Thus bacteriophage diversity remains
thoroughly ill-defined.

One approach to investigating phage
genetic diversity and evolution is to isolate
and compare genomes of phages known
to infect a common bacterial host strain,
which are in principle in direct genetic
communication with each other. The
recent comparative analysis of 627 myco-
bacteriophages isolated on Mycobacterium
smegmatis mc2155 is the most extensive

examination yet in pursuit of this ques-
tion.4 The rationale for the choice of host
is primarily because these phages are pow-
erful systems for developing much-needed
tools for tuberculosis genetics, and
M. smegmatis mc2155 is non-pathogenic
and grows substantially faster than M.
tuberculosis; there is no evidence that
M. smegmatis mc2155 is better or worse
than any other for investigating phage
diversity. Although it was less clear at the
time, the more recent observation that M.
smegmatis mc2155 is both restriction- and
CRISPR-free suggests that these are prob-
ably helpful attributes for phage discovery.

Prior studies punctuated the journey
from the first sequenced mycobacterio-
phage genome in 1993,5 to the current col-
lection.4 As the collection grew to 14,1

30,6 60,7 and 80,8 a clear picture of the
phage population emerged. First, all of
these are members of the Caudovirales,
with double-stranded DNA (dsDNA)
genomes and tails, and are morphologically
either siphoviruses with long flexible tails
or myoviruses with contractile tails. It is
unclear why no podoviruses, RNA phages,
or single-stranded DNA phages have been
isolated, although we note that there are
similar patterns for phages of other Actino-
bacteria hosts, with the notable exception
of a filamentous ssDNA phage reported for
Propionibacterium freudenreichii.9 Sec-
ondly, the genomes are architecturally
mosaic, such that individual phages are
assemblages of modules, each of which has
its own evolutionary history,1,10 these
modules are frequently single genes.1,8 The
mechanism generating mosaicism appears
to be non-homologous recombination,
which although infrequent can creatively
join DNA segments to form new combina-
tions of sequences.10,11 Functionally active

Keywords: bacteriophage, bacteriophages,
comparative genomics, genome diversity,
genomics, mycobacterium, phage, phages,
tuberculosis, viral evolution

*Correspondence to: Graham F Hatfull; Email:
gfh@pitt.edu

Submitted: 06/25/2015

Revised: 08/07/2015

Accepted: 08/11/2015

http://dx.doi.org/10.1080/21597081.2015.1084073

Addendum to: Whole genome comparison of a
large collection of mycobacteriophages reveals a
continuum of phage genetic diversity. Welkin H.
Pope, Charles A. Bowman, Daniel A. Russell, Deb-
orah Jacobs-Sera, David J. Asai, Steven G. Cre-
sawn, William R. Jacobs, Jr, Roger W. Hendrix,
Jeffrey G. Lawrence, Graham F. Hatfull, Science
Education Alliance Phage Hunters Advancing
Genomics and Evolutionary Science, Phage
Hunters Integrating Research and Education,
Mycobacterial Genetics Course. eLife 2015; 4:
e06416.

www.tandfonline.com e1084073-1Bacteriophage

Bacteriophage 5:4, e1084073; October/November/December; © 2015 Taylor & Francis Group, LLC
ADDENDUM



rearrangements may be rare, but with a vast
and dynamic population evolving for bil-
lions of years, there has been no lack of
opportunity to generate viral diversity in
this manner.3,12

Comparisons of phage genomes show
that many phages are unrelated to each
other at the DNA sequence level, but there
are groups of phages that are related to
each other with varying degrees of DNA
sequence similarity. To recognize this het-
erogeneity in the continuum of diversity
we proposed to assemble groups of related
phages into ‘clusters’, named Cluster A, B,
C etc, some of which can be further
divided into subclusters; genomes for
which close relatives have yet to be identi-
fied are referred to as ‘singletons’.7 This
was intended as a taxonomy of conve-
nience and not one that accurately reflects
phylogeny, because of the evident geno-
mic mosaicism in which different parts of
the genomes have different gene content
and gene sequences, and therefore differ-
ent evolutionary histories. We also noted
that genome comparisons identify

relatively recent evolutionary relationships
revealed by DNA sequence similarity, and
more distant relationships by comparing
the predicted amino acid sequences of
phage genes. Both are facilitated by the
program Phamerator that assorts genes
into ‘phamilies’ or ‘phams’ according to
shared amino acid sequences.4,13

The availability of 627 sequenced
mycobacteriophage genomes brings some
answers to the nature of the phage popula-
tions and how they have evolved. The first
question is whether clusters represent dis-
crete phage populations constrained by
barriers to genetic exchange. The answer is
that although there are some clusters shar-
ing relatively little genetic information
with other phages in the collection, this is
not universally true and there are many
examples of phages in one cluster that
share substantial gene content with phages
in other clusters (Fig. 1). This is sup-
ported by a variety of quantitative analyses
comparing the distributions of shared
genes,4 and rarefaction analysis showing
that the populations are not closed and are

continually acquiring new genes and gen-
erating new genomes.4 The sizes of the
clusters vary greatly, and the larger num-
ber of genomes promotes inclusion of the
relatively rare but highly informative
‘hybrids’ (Fig. 1). These phages thus rep-
resent a continuum of genetic diversity, as
would be expected from the pervasive
genetic mosaicism. Cluster divisions thus
need not have tight boundaries but may
rather have fuzzy boundaries, imbued
with ambiguities (i.e. genomes sharing
substantial numbers of genes with differ-
ent clusters). However, this conclusion is
contrary to the conclusion that Synechococ-
cus phages do form discrete populations,
as viewed from metagenomic analysis of a
single virally-tagged sample.14 The con-
trary conclusions could arise from the dif-
ferent hosts analyzed, differences in the
morphological distributions of the phages,
or the particular viral-tagged sample
reported.4 However, the metagenomic
approach also lacks the whole genomic
assemblages that are essential for defining
the relationships among mosaic genomes.4

Figure 1. Pair-wise genome comparisons of mycobacteriophages Babsiella, Butters, Che9c, Fishburne, and Purky. The central rulers indicate nucleotide
position in the genome, with the boxes indicating genes and gene number. Genes are colored according to pham membership as generated by Phamer-
ator,13 which groups gene products according to amino acid similarity using kclust.4 Pair-wise nucleotide sequence similarity is represented by spectrum
colors, ranging Red (weakest similarity above a threshold BLASTN E value of 10¡4) to violet (most similar). Phages Babsiella and Che9c are members of
Cluster I, Fishburne and Purky are in Cluster P, and Butters is in Cluster N (cluster membership is indicated in parenthesis after each phage name on the
maps); as determined by overall nucleotide similarity.6 (A) Genomes are ordered according to cluster, but note that Babsiella (Cluster I) and Fishburne
(Cluster P) have close DNA similarity throughout the right arms of their genomes. (B) Genomes are reordered to illustrate additional inter-cluster pairwise
nucleotide similarity; specifically the far right ends of Che9c (Cluster I) and Purky (Cluster P).
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The second question relates to how
these populations have evolved. We have
proposed a model in which phages rapidly
switch host tropisms, enabling them to
skate across the microbial landscape at
rates much faster than their genomes
adapt to any one host.15 Phages migrat-
ing across the microbiome using differ-
ent hosts have differential access to the
common gene pool and thus acquire
different genes.10 Thus different myco-
bacteriophages clusters may have been
in direct genetic contact for only a rela-
tively short period of evolutionary
time.4 This model is further supported
by analysis of phage Patience, which is
a relatively new arrival to the mycobac-
terium neighborhood.16 However,
phage populations of different hosts are
expected to vary depending on the com-
plexity of the underlying host diversity
that determines the rate at which phage
tropisms evolve,15 which could also
account for differences between Myco-
bacterium and Synechococcus phages.

Metagenomic sampling of the phage
population–including the innovative viral
tagging approach.17 has the advantage
that it can sample vast amounts of diverse
sequences simply and cheaply.3,18,19

Sequencing large numbers of individual
genomes requires the isolation, purifica-
tion, amplification, DNA isolation, and
careful genome annotation, which is time
and labor intensive. But it not only pro-
vides whole genome sequences, but has
the advantage of populating the freezer
and not just the hard drive; archived
phages are then available for experimental
investigation. The mechanics of phage dis-
covery and genomics is satisfied by the
development of integrated research-
education programs such as the Phage
Hunters Integrating Research and Educa-
tion (PHIRE) and the Science Education
Alliance - Phage Hunters Advancing
Genomics and Evolutionary Science
(SEA-PHAGES) programs that engage
high school and freshman undergraduate
students in authentic scientific discov-
ery.20-22 With 74 SEA-PHAGES partici-
pating institutions and over 2,600
students in the 2014-2015 year, mycobac-
teriophages have been isolated from a large
range of environmental samples spanning
a broad geographical and temporal range;

databases and web sites (seaphages.org,
phagesdb.org) coordinate the phage and
the genomic information.4

There is a promising road ahead in
phage genomics as the costs and complexi-
ties of DNA sequencing decline, and inte-
grated research-education programs isolate
and characterize large number of new
phages within the phylogenetic spectrum
of Actinobacteria hosts. This will not only
generate new insights into viral diversity
and evolution but will provide an abun-
dance of phages for engineering of environ-
mentally and clinically relevant bacteria.
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