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Article Addendum

The sequencing of marine metage-
nomic fosmids led to the dis-

covery of several new complete phage 
genomes. Among the 21 major sequence 
groups, 10 totally novel groups of marine 
phages could be identified. Some of 
these represent the first phages infect-
ing large marine prokaryotic phyla, 
such as the Verrucomicrobia and the 
recently described Ca. Actinomarinales. 
Coming from a single deep photic zone 
sample the diversity of phages found is 
astonishing, and the comparison with a 
metavirome from the same location indi-
cates that only 2% of the real diversity 
was recovered. In addition to this large 
macro-diversity, rich micro-diversity was 
also found, affecting host-recognition 
modules, mirroring the variation of cell 
surface components in their host marine 
microbes.

Introduction

The problem of retrieving microbes 
in pure culture has hampered enor-
mously the development of microbiol-
ogy. For many years now, it has been 
clear that the microbes stored in culture 
collections only represent a tiny slice of 
the real diversity of microbes in nature.1 
Furthermore, the recent development of 
comparative genomics has revealed that 
the gene diversity displayed by an iso-
late is a very poor representation of the 
enormous genetic diversity contained in 
prokaryotic2 and apparently, although 
at much smaller scale, also in some pro-
tist3 species, the so-called pan-genome. It 
seems clear now that a good representa-
tion of the genomic diversity of microbes 

cannot be acquired within a sensible time 
frame by the classical approach of cultur-
ing and sequencing individual isolates. A 
new avenue was found by pioneers such as 
Edward DeLong and J Craig Venter that 
applied genomic shot gun sequencing to 
microbial communities providing infor-
mation about their collective genomes, 
the metagenome.4,5 Later the develop-
ments in high throughput, new genera-
tion sequencing technologies have opened 
the field of metagenomics to most micro-
biologists decreasing the cost and techni-
cal difficulties.6,7 A major step forward to 
understand microbes in nature is in the 
making.

However, a fundamental gap was hith-
erto left largely unfilled. If the cultiva-
tion of cellular microbes is demanding, 
what of their accompanying non-cellular 
viral predators? In aquatic environments 
there are, as a rule of thumb 10 phages 
per cell.8,9 Even assuming that the typi-
cal phage genome is ca. 100 times smaller 
than the one of the host the amount of 
genetic diversity that they carry is size-
able.10 In addition, phages are an essential 
component of microbial communities that 
contribute to the evolution and diversity of 
the prey species.11 However, the develop-
ment of a parallel description of the com-
munity virome (metavirome) has been 
hampered by the relatively small amount 
of DNA available in the viral fraction. 
The use of genomic amplification based 
approaches (mostly multiple displacement 
amplification or MDA) bias heavily most 
available metaviromes.12 In addition, the 
annotation of phage genes, always chal-
lenging, becomes extremely difficult using 
the small reads generated by the presently 
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available high throughput sequencing 
techniques.13

Serendipitously, we have found an 
alternative to dig into the natural diversity 
of phages. Very early in the development 
of metagenomics the presence of typical 
viral genes in cellular metagenomes was 
described.14,15 Gradually it became evident 
that this was just the result of the retrieval 
of cells undergoing the lytic cycle16 in the 
cellular fraction. Many phages replicate 
forming long genome concatamers17 and 
when the DNA from the cells in which they 
are replicating is collected, large amounts 
of the phage genome becomes available, 
actually amplified in a natural way. We 
described some years ago a method to 
sequence fosmid clones by NGS.18 Since 
the insert in a fosmid clone is similar to 
the size of many phage genomes (30–40 
Kb), fosmids provide a convenient way 
to generate natural contigs derived from 
these phage genomes amplified in the 
metagenomic DNA. We did a pilot study 
in which a set of 130 randomly selected 
clones were sequenced and 16 long contigs 
that clearly belonged to bacteriophages 
could be assembled.16 Further analyses 
suggested that these phage-derived contigs 
actually belonged to five different sets of 
highly related siphoviruses and they likely 
infected picocyanobacteria, particularly 
Synechococcus. Importantly, three of these 
represented complete genomes.

Given the success in this relatively 
straightforward approach to obtaining 
phage genomes, we sequenced a much 
larger set of fosmids (ca. 6000), which 
provided more than a thousand con-
tigs, of which 208 were complete phage 
genomes from a single sample taken from 
the deep (50 m) chlorophyll maximum 
in the Western Mediterranean.19 This is 
the region of maximum cell density in 
the water column where infection rate is 
probably high. Actually, ca. 10–15% of 
fosmid sequences retrieved from the cel-
lular fraction DNA corresponded to phage 
genomes.19

The Local Diversity

The 1148 phage contigs were orga-
nized into increasingly larger groups using 
three different stages of clustering.19 In the 
first stage, contigs with > 95% nucleotide 

identity and > 95% coverage were clus-
tered to identify nearly identical sequences 
(the largest number of identical contigs 
was 22 and the mean 5). In the second, 
the coverage criterion was reduced (from 
> 95% to > 20%) to gather more con-
tigs for each previous cluster. These two 
stages enabled creating groups of contigs 
that had very high nucleotide identity to 
each other and also likely originating from 
the same lineage of phage genome. Even 
though the majority of the contigs (913) 
could be clustered with a high nucleotide 
identity (95%) in 117 different clusters, 
235 contigs were singletons and remained 
unclustered. The overlaps within these 
contigs that probably derive from phage 
replicating concatamers also enabled us 
to assess genome completeness, and 208 
complete genomes could be identified. 
The third clustering stage was based on 
protein sequence similarities in order to 
identify much more distant relationships 
within the 208 complete phage genomes 
to reference phage genomes, what allowed 
us to define 10 novel yet undescribed 
groups of phages within this collection 
(Fig. 1).

The largest clusters could be associated 
with cyanophages (largest cluster with 102 
contigs) and pelagiphages (largest cluster 
with 40 contigs) (also shown in Fig.  1). 
Such contigs are the most likely to belong 
to active phages that were replicating by 
concatamer formation when the sample 
was taken (though they may not be exactly 
the most abundant in the sample). Apart 
from phages infecting picocyanobacteria 
and the SAR11 group microbes, we also 
identified contigs that likely infect marine 
Verrucomicrobia20 (2 contigs, 1 complete 
genome) and low GC Actinobacteria21 (a 
single contig, incomplete genome), that 
represent the first phages from the marine 
habitat for these two groups.

The availability of large numbers of 
highly related contigs in these clusters 
allowed examining genuinely concurrent 
phage populations, something that with 
cultured isolates has only been possible to 
a limited extent.22,23 Broadly, aside from 
the identical fragments derived from a 
single concatamer, three different patterns 
in phage genome diversity were discern-
ible (Fig. 2). The first was the recovery of 
phage genome fragments that were nearly 

identical to each other along their entire 
lengths except for small single nucleotide 
polymorphisms and indels. Such highly 
related versions may represent the low-
est levels in phage genome population 
diversity. These are possibly the closest 
approximations of a natural phage popu-
lation to a clonally derived genome in pure 
culture. Next, we found genomes sharing 
long, nearly identical regions, but with 
significant sequence divergence in smaller 
regions, that although often preserving 
synteny had much lower or no similar-
ity (Fig.  2). Typically these regions con-
tained host-recognition genes (e.g., tail 
fiber) but also others (e.g., terminases and 
capsids). Though this might suggest that 
such divergence is the result of gradually 
evolving host-specificity, other expla-
nations are possible (see below). These 
“genomic islands” actually have a clear 
parallel in prokaryotic genomes, although 
in them gene content seems to be more 
variable i.e., synteny is less preserved. An 
apparent feature that emerged from these 
comparisons, apart from the patterns dis-
cussed above, was the mosaic nature of the 
genomic architecture in these concurrent 
populations (Fig. 2). Given the extremely 
high nucleotide identity (> 95%) in large 
parts of these contigs, the presence of 
such a hybrid architecture can only be 
explained by recombination during mixed 
infections of the common host.

In any case, it seems clear that even 
with the more than a thousand large 
genomic fragments described we were 
far from covering even a small fraction 
of the diversity of phages present in this 
single Mediterranean sample. Comparing 
the assembled phage contigs with a meta-
virome from the same location we have 
calculated that barely 2% of the diversity 
found in the metavirome (15 Gb) was 
represented in the combined 26 Mb of 
sequences assembled in the fosmids.

The Same Phages Everywhere

A controversial issue in microbiol-
ogy is the existence of a biogeography of 
microbes. Recent evidence from metage-
nomics and genomics of marine bacteria 
indicates a weak geographic association 
at the strain level, although most spe-
cies are global along the broad band of 
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oligotrophic temperate and tropical ocean 
around the Earth.24,25 Regarding phages 
there seems to be evidence of widespread 
distribution, but based only on short over-
laps.13 We have retrieved examples19 that 
indicate a global distribution of phages 
throughout these ocean water masses 
(altogether close to half the surface of 
the Earth). For example the recovery of a 
cyanophage genome fragment more than 
40 Kb and 97% similarity (nucleotides) 
to an isolate obtained off the coast of 
Southern California (Fig.  2). Along the 
same lines, the finding of nearly identical 
versions of the hyper-diverse (see below) 
tail fiber protein (Fig. 2) in a pelagiphage 
from Bermuda26 and our Mediterranean 
sample all point toward very similar popu-
lations found at vastly separated ocean 
sites. Of course the global ocean is a con-
tinuum in which eventually all the water 
gets mixed, but it is an extremely slow 
process that takes in the range of thou-
sands of years.27 Airborne transportation 

in extreme meteorological events might 
provide faster connection among marine 
microbial communities that travel in 
the aerosols formed for example in large 
storms, but once they arrive to the distant 
places they would face a huge dilution 
compared with the local strains. It is pos-
sible also that these populations are con-
served under the similar conditions of the 
deep photic zone worldwide because they 
are selected for28 (see below).

Is the Red Queen Running  
or is it a Zoetrope?

The presence of simultaneous, closely 
related lineages displaying enormous 
microdiversity, either in prokaryotic or 
phage genomes gives rise to two different 
interpretations. One in which populations 
are viewed as fast-evolving assemblages 
where both, microbes and their phages, 
are in a constant arms-race (the Red-
Queen hypothesis29), and another that 

asserts that microbial or phage lineages 
are stable, though very numerous convey-
ing, like in a zoetrope, an illusion of a fast-
paced evolutionary scenario. (A zoetrope is 
a 19th century device that produces an effect 
of apparent motion by rapidly displaying 
static pictures in succession).

Actually the question is much more 
relevant than just what is the time frame 
for change in the prokaryotic world. Some 
of us have proposed a Constant-Diversity 
(C-D) model30 in which we posit that 
there is a high diversity of concurrent 
clonal lineages within a single bacterial 
or archaeal population (within the same 
species). This diversity optimizes resource 
utilization by increasing the range of eco-
logical niches that can be exploited. For 
example, in heterotrophic bacteria dif-
ferent concurrent clones carry different 
sets of membrane transporters, increas-
ing the range of organic compounds that 
the population can utilize efficiently. The 
result is a better exploitation of resources 

Figure 1. (A) All-vs-all genomic comparison of several reference tailed bacteriophage genomes (non-labeled branches) and the 208 complete phage 
genomes retrieved in Mizuno et al., 2013 (represented as squares at the end of the branches). Clustering is based on a sequence similarity derived metric. 
The new genomic groups are labeled as G1 to G21. CGR: Complete Genomic Representative, sequences that had been assumed to represent complete 
phage genomes (Mizuno et al., 2013). CGF: Complete Genomic Fragment, sequences that from the comparison with the CGRs are known to be incom-
plete phage genomes. (B) Network view of similarity relationships within the novel phage groups. Each phage contig (complete genome or incomplete) 
is represented by a node and edges between any two nodes indicate a high sequence identity (> 95%) and coverage of at least 20% of the shorter con-
tig. The groups are boxed by the predicted host. The numbers of some of the genomic groups (G1-G21) to which the cluster of contigs belong are also 
indicated. Only clusters with more than two members are shown, 235 singletons and 47 doublets were also found but are not depicted in the figure.
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by a smaller number of different species. 
However, since prokaryotes reproduce 
clonally, that is, producing exact copies of 
themselves, there is the risk that one clone 
could be more successful (for example by 
acquiring an unusually increased share 
of the resources, or because of a tran-
sient expansion of its niche). Such clonal 
sweeps are a known phenomenon in labo-
ratory cultures in which a clone normally 
predominates in the long-term.31 Here is 
when phages come to the rescue. Since 
phage infection rate is density dependent, 
the inordinate increase of a clone would 
immediately make it more efficiently pre-
dated upon by the populations of specific 
phages adapted to its receptors, following 
a classical Lotka-Volterra predator/prey 
equilibrium. This idea has repercussions 
at multiple levels, from biotechnology 
to food microbiology or human health 
(through the microbiome).

This model can be taken beyond the 
purely mechanistic level since it implies 
that the bacterial population actually 
includes its associated phages as a sort 
of tax collectors that equate and pre-
serve the efficiency of the system mak-
ing this consortium of cell clones, plus 
the phages preying on them, a sort of 
meta-clonal organism that can be selected 
upon or extinguished i.e., a unit of selec-
tion or selectome.28 Our results support 
this view, as the local diversity found at 
a single marine water column sample is 
astonishing. Even within relatively simi-
lar genomes abundant microdiversity 
could be established and still some hyper-
diversified regions are found identical in 
genomes isolated from distant locations 
including the Atlantic and Pacific Oceans.

However, some results appear puzzling 
from a C-D perspective. For example, most 
phage genomes recruit unevenly from a 

metavirome from the same location,32 as 
is the case of prokaryotic genomes, and 
as the C-D model would predict.30,33 On 
the other hand, some groups (specifically 
putative pelagiphages) recruited much 
more evenly and had no equivalent of 
metagenomic islands. It is possible that 
these are generalistic phages that do not 
have hyper-diversified recognition mod-
ules.34 The under-recruiting genes were 
often involved in host recognition, for 
example the tail fiber genes, as predicted 
by C-D. But other under-recruiting genes, 
such as some terminases, appeared totally 
disconnected from host recognition.

Maybe we are underestimating the 
complexity of phage behavior. For exam-
ple, different strategies of phage survival 
have been proposed in which some are 
slow growers with small burst size while 
others produce large burst sizes.35 Some 
are specialized in infecting a very narrow 

Figure 2. (A) Patterns in Local Diversity: Schematic representation of four types of patterns seen in concurrent phage genomes (i) syntenic, nearly 
identical contigs with small insertions/deletions (ii) syntenic, nearly identical contigs with smaller, more divergent regions and (iii) flexible genomic 
islands in highly related contigs, (iv) typical mosaic architecture displayed by multiple, related contigs. (B) Global distribution of nearly identical phage 
fragments: On the left a map of the world is shown where three locations are marked in different colors, from left to right, South California Coast, (Pacific 
Ocean, yellow), Bermuda (North Atlantic, orange) and the Mediterranean (blue). On the right, genome fragments originating from different sources are 
compared (nucleotide sequence identity is shown). The filled circles next to the contigs indicate the isolation location (as shown in the map). The names 
of both genomic fragments originated from the Mediterranean are abbreviated, e.g., S32-C64 for uvMED-CGR-C28-MedDCM-OCT-S32-C64. Length of 
the fragments and are also indicated.
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range of host while others have a wider 
range with the risk of failed infection or 
inferior productive yield.34,36 It is certainly 
possible that some genes that are diverse 
within the population are involved in the 
different intracellular environments of the 
host strains at multiple levels. Different 
terminases might help packaging differ-
ent types of concatamers or with differ-
ent types of capsids. The in-depth study 
of such hyper-diverse genes might help in 
understanding phage-host interactions at 
these different levels.

A Million Phage Genomes

With the advent of next-generation 
sequencing, we have already witnessed 
an exponential increase in the number of 

microbial genomes that are being sequenced. 
However, phage genomics has remained 
largely untouched by this sequencing revo-
lution. Given the advances in sequencing 
that are now unfolding, it is not unreason-
able to finally tap the largest genetic reser-
voir on the planet. The methods described 
here, in combination with new methods of 
single-molecule sequencing actually provide 
finally an uncomplicated way to interrogate 
complete communities and their associated 
phages. It is only a matter of time before 
we will be on the threshold of being able to 
track evolutionary processes in real-time in 
natural habitats.
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