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Preface

A field guide helps everyone from novice to expert to identify plants,
animals, sea shells, and other natural objects. It seemed unfair that the
world’s most numerous and dynamic life forms, the phage, did not

yet have a field guide of their own. The desire to set this right was my
motivation for creating Life in Our Phage World: A centennial field guide to
the Earth’s most diverse inhabitants.

Even though no one can see phages or other viruses without specialized

tools, current imaging methods have unveiled the beauty of their typically

icosahedral virions —embellished versions of one of Plato’s ideal forms.
This is one reason why artistic renditions of phage virions warrant “
widespread recognition and appreciation, much as birds are known from
Peterson’s photographs and Audubon’s paintings, and as plankton, such
as diatoms, were captured in Haeckel’s lithographs. Such renditions are to
be found in this first phage phield guide.

Why now? Appropriately, we are celebrating 2015 as The Year of the
Phage in recognition of mankind’s first documentation of their existence
in 1915 by Frederick W. Twort. At that time, not one person realized that
over the following century and beyond these elemental creatures would
radically change our understanding of life. Exploration of their adroit
maneuvers has produced our most fundamental understandings of how
life works; attempts to identify or count them have revealed the glory of
their diversity.

Even so, phages remain all too often ignored, overlooked, discounted. To j 3}
omit them from the picture is to leave a gaping hole in biology; including
them is becoming within reach for many researchers and students.

We are entering an age when affordable DNA sequencing will make it
relatively common for novices and experts alike to get information about
the phages in their samples. Opportunity alone is not sufficient. What

is needed is some reference that brings these creatures to life in an easy,
quick format with sufficient detail to whet the appetite to learn more. We
sought to create just such a phield guide to inform, but more importantly
to excite, intrigue, and inspire.

Phages are the winners in the game of life. Let’s give them their due.
P

Forest Rohwer
San Diego, CA 2014
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Introduction

Two in the morning in a roadside hotel in the middle of California’s Eastern Sierra

Mountains. Over the last 48 hours, Mya Breitbart, Tom Schoenfeld, and I had driven

over a thousand miles, then carried several hundred pounds of filters, pumps, car batter-
ies, and water up and down steep slopes in the 95° F plus temperatures, all so that we could sit next
to much hotter springs for several hours watching the pumps run. Now Tom has fallen asleep with
Cheaters playing on the TV and Mya is in the bathroom, finishing the filtering for the day. When she
is almost done, I jokingly say, "Just one more thing.” She throws a pipetter at me and collapses on
the floor. Tom doesn’t stir. We'll grab some sleep and then get up at 5 am, drink a lot of coffee, and

head back out to hunt the most voracious predators on the planet.

Much of biology is about feeding the phages'. By
killing nonillions of Bacteria, they have major ef-
fects on global energy and nutrient cycles. Phages
are the friend of the underdog. When a bacterial
strain prospers and threatens to take over the lo-
cal community, their phages feast and decimate
that strain, thereby successfully maintaining mi-

crobial diversity in the face of a winner-take-all

threat. This behavior can be a nuisance. When we

populate a million dollar lysine fermenter with our bacterial workers of choice, one phage
invader can multiply and crash the worker population in a couple of hours. But the phages
must be forgiven for such pranks as so many of the major breakthroughs in biology over the
past century emerged from the study of phage. Trace most any aspect of molecular biology
back to its roots, and there you'll find a phage. Phages were there early on to provide ex-
perimental proof that nucleic acid, not protein, was the genetic material and to assist in the
recognition of the triplet genetic code. Later they were used to uncover mechanisms of gene
regulation, protein binding to DNA, protein folding, assembly of macromolecular struc-
tures, and genetic recombination. They have demonstrated evolution by flagrant horizontal
gene transfer and provided proof that mutations arise independent of —not as a response

to—the pressure of natural selection.

Enzymes from phage launched the molecular biology revolution and remain essential tools
for genetic engineering. Phage genomes were the test subjects used for the first genomic and

shotgun genomic/metagenomic sequencing, the first fully synthetic life forms, etc. Phage

! We use the term ‘phage’ sensu lato to encompass all microbial viruses, i.e., the bacteriophages (Bacte-
ria-eaters), viruses of the Archaea, and viruses of single-celled eukaryotes.
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biologists were at the forefront of advances in can-
cer biology. Most of the stuff of life itself —the glob-
al pool of genetic diversity—is encoded by phage.
Closer to our individual homes, in the last ten years
we finally came to realize that of all the varied genes

we carry in our own bodies, the majority reside

within our phages. Phages are essential bionts with-

T
17 7 ez

in the human—and every other—holobiont. e L e

Despite their paramount importance to human health, to science, and to all life on the
planet, the phage field remains a niche area of study. One reason that phages (as well as
most viruses that don’t make us or our domesticates sick) remain overlooked is that you
can't just go out or look inside and observe them. When outside a host cell, they travel as
virions so small that seeing them requires an electron microscope or other sophisticated
and costly equipment. Most can’t be cultured and interrogated in the lab because their
hosts are not known or not yet culturable. Community metagenomics, likewise, is still
relatively difficult and costly. This inability to ‘see’ phages leads to a disconnect between
them and all other life forms. Most scientists and others just don't think of them as alive. So
this major component of life is reduced to its inert intercellular transport form that is then
subjected to biochemical analysis and described in lifeless terms, leaving us blind to their
nature as active agents. This is somewhat of a travesty, as these bits of biochemistry are the
most successful predators on the planet. They are promiscuous and engage in kinky sex
games (e.g., homologous and illegitimate recombination with related and completely alien
genomes, orgies of hundreds of genomes). Humans observing the virions perceive them
to be inert. But these “inert” particles, given contact with a potential host, reveal their true
nature as complicated nanomachines primed for action. Their performance is precise; mil-
liseconds or nanometers mean the difference between

life and death.

It is not possible to understand the biological world
without ‘seeing’ the phages. This book provides a
glimpse of the rich and diverse phage life that has been
sampled over the past one hundred years. The overall
organization of the book parallels the phage life cycle.
It arbitrarily starts with their virions on the prowl,

observes them as their genome enters and takes over
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a host cell, describes their replication, then applauds as the progeny virions assemble and

make their escape into the world. For each stage we chose a few diverse phages to feature.

Field guide pages provide basic information for each of these phages, the kinds of infor-
mation a naturalist would have at hand for any life form they wanted to study. For each
we also relate a lively, thoroughly researched story revealing some of this phage's secrets
for success. Terms in boldface within the stories are defined in our glossary. Each story
plays out visually in an illustration by San Diego fine artist Leah L. Pantéa. These illustra-
tions are rich in detailed information intended to complement your reading of the text.
The 30 featured phages were selected to illustrate the great diversity that exists in even
the small fraction of the phage world that has been characterized. Although you will find
well-studied phages such as A, T4, and T7 in these pages, we made no attempt to include
the wealth of information available for them; there are many good books that already do
this. Each chapter ends with one or two longer, personalized perspectives. Each informs
about a particular aspect of The Big Picture and relates part of the recent history of phage
research. What makes them so delightful to read is that each is infused with the excitement

and humor that has characterized phage research and phage researchers.

Since we envisioned an Audubon-like field guide to the
phages of the world, the portraits of the 30 phages were
rendered in pen and ink by Benjamin Darby, an imagina-
tive San Diego artist. As typical of a field guide, he empha-
sized important or identifying characters of each specimen
and added a touch of elegance. When no photo or virion
structure was available for that particular phage, we turned
to its close relatives for a stand-in. Such a field guide would
also group the objects of study into related groups. This is
not so easy to do for the phages. Observable virion mor-

phology is not an adequate basis for such classification as

great phage diversity lurks within each virion type.

The recent accumulation of genome data provides another handle on phage taxonomy, but
application of this approach remains challenging. The now familiar Tree of Life portrays
the evolutionary relationships among all members of the three domains based on the rRNA
genes that they all carry. A similar tree could in theory be constructed for the phages if any
single gene were present in all phage genomes, but there is no such gene, thus there can
be no such tree. At most, such ‘signature genes’ can serve to elucidate relationships within

closely-related groups. Moreover, the evolution of viruses has not followed the same strict
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pattern of vertical descent from a com-
mon ancestor as predominates in many
cellular organisms. Phages may not all
share a common ancestor, and moreover
they have exchanged genes horizontally.
This argues for a different approach to
their classification. To that end, we com-

pared the genomes of 1220 phages and

Xvii
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built a taxonomic tree based on their o

similarities (see page 8-8). For each featured phage in the field guide, we show its relation-

ship to all the other 1219 phages on that tree and also zoom in on its local tree neighborhood.

In the tradition of other field guides,

— we have included a global map

O, = showing the known geographic

@ range of each featured phage as well
as the habitats where it has been
- ®

found so far. These ‘sightings” (see
- page 8-20) are based on BLAST hits

: between that phage genome and
O vt publicly-available ~ metagenomes

O 85-90%

from around the world. For a guide

to interpreting these maps, see Appendix A4 (page 8-20). While the data displayed here is

interesting, more important is what is missing. Most of the globe and many ecosystems have

not been sampled nor have their phage communities been characterized. Microbes have been

found everywhere people have looked on Earth—on the land, in the sea, in the air, inside

rocks and inside host cells—even under extreme conditions previously thought to be unable

to support life. Wherever there are microbes, there are phages. For phage explorers, most of

the Earth remains a terra incognita. It is time to get to work and put phages on the map.

To portray phage genomes as the
lively, evolving molecules that
they are, we present two ver-
sions of each phage’s genome.
First, an artist-created overview
shows the variety of genome

structures used by our featured

T 0‘. p
i ‘E!'!ﬁ_lﬂ DN linear
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phages when traveling by virion between hosts (e.g., linear or circular, single-stranded or
double-stranded, sticky ends, direct or inverted terminal repeats). Here we have also de-
lineated functional modules and highlighted landmarks that are featured in the stories or
are well appreciated among phageophiles. Each overview is followed by a detailed genome
map that allows for admiration of each gene including information (if available) about its
function, its homology with other phage genes, and/or (if applicable) the localization of its
protein product in the virocell. Genes are counted as open reading frames (ORFs) if they

encode a protein and as RNAs if their transcripts are not translated (e.g., tRNAs).

To emphasize the dynamic nature of phage in the writings, we have developed a lexicon
based on ethology (see page 8-27) and used its terms in our writing. The goal of this writ-
ing style is to bring each phage to life, without seriously compromising scientific accuracy.
It is also to remind us that there are many phage behaviors that we expect to observe, but
haven't studied yet. In some cases, we can link a particular behavior to one or more genes,
but the genetic basis for many remains to be discovered. No doubt clues are hiding in the

~80% of phage genes that are completely novel.

The first 100 years of phage research have fundamentally changed our lives and our under-
standing of the natural world. In the near future we expect to see a new synthesis in biol-
ogy that puts phage at the center of the field, no longer to languish in a dimly lit corner as
a biological novelty, an after-thought. But that will occur only when many people, such as
yourself, include the phage in your research, in your study, in your teaching, and in your

understanding of life on Earth. The second century of phage study is beginning. Be there.

Fast-forward to a decade after the Sierra Phage Hunting expedition and I'm walking around in a
Wisconsin winter in shorts; =20° F is not a great place to make a San Diego fashion statement. My
latest phage hunting had taken me to the Arctic and I am still waiting for my winter clothing to be
shipped back from Russia. Mya has gone on to become a leader in the field of phage ecology, despite a
history of throwing things at her PhD advisor. I am crunching through the snow with Tom and his
ever-excitable business partner David Mead. Together they had built Lucigen into a leading com-
pany in the realm of enzymes and cloning, now expanding into diagnostics. Many of their products
are based on enzymes originally found in phages isolated from hot springs, enzymes such as DNA
polymerases that are also primases and reverse transcriptases, incredibly efficient ligases, and many
others. But neither one of them is talking about their business successes. They are both happily plan-
ning yet another sampling trip to find yet more weird and wonderful phages. They know the phages

are out there, waiting for someone to notice.
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The Phage Life Cycle: Why So Many Genes?

Merry Youle

Note: This story is an introduction to the ways of the phages. If you are already acquainted, consider skipping this one.

As with cellular organisms, phage replication pro-
ceeds via a precisely orchestrated life cycle. How-
ever, for phages the pace is rapid and the numbers
astronomical. Given plush culture conditions, one
virion can produce more than one hundred infec-
tious progeny in less than one hour. In the envi-
ronment, phages launch approximately 10** pro-
ductive infections every second to maintain their
estimated 10* global population (Hendrix 2010).
Each turn of the life cycle, a virion becomes part of
a virocell that produces and releases more virions
to repeat the cycle yet again. What are the tasks
that a phage must accomplish to keep their lytic
life cycle turning?

One turn of the cycle

Being a cycle, there is no beginning, but let’s start
with a virion adrift. Each virion contains one copy
of the phage genome, as DNA or RNA, encased
in a protective protein shell, or capsid. Virions are
the beautiful, intricate structures visualized with
an electron microscope that were used earlier to
classify phages into a few major families. But the
virion is not the phage. Virions are the inert dis-
persal form, sometimes likened to a spore, that
transports the phage genome between hosts. Even
this step is not a simple task. The capsid must pro-
tect the genome from environmental dangers such
as UV irradiation and nucleases. It must be quick
to recognize a host when it collides with one. Al-
though it may explore the cell surface for a while,
when it detects its specific receptor, it must irre-
versibly bind to it (adsorption) and deliver the
phage genome into the host cell. The capsid itself
remains outside, empty, its job completed. Once
the phage adsorbs to the host cell, the phage and
cell together are referred to as a virocell.

If that infecting genome evades host defenses, it
then redirects the cell’s labors to the production of
many progeny virions. In this finely-tuned take-
over, the transcription of host genes may be shut

down and the host’'s DNA destroyed, while ener-
gy produced by host metabolism is expropriated
to fuel phage reproduction. The phage genome
replicates repeatedly to yield 25, 50, or even hun-
dreds of copies. These copies engage in promiscu-
ous sex by exchanging genome segments with one
another or with the host chromosome through re-
combination. Meanwhile, all of the structural pro-
teins comprising the capsid are synthesized in the
correct relative numbers. Typically the proteins
are assembled into procapsids and then a genome
is packaged into each. Mature virions accumulate
until the infection is abruptly terminated by lysis
of the host cell. This cell lysis, like the other intra-
cellular steps in the life cycle, is deliberately timed
and executed by the phage. The escaping virions
then set out in search of new hosts, therein to re-
peat the cycle yet once again.

Minimal genomes

How many genes are required to carry out these
life cycle steps? Consider phage Qf, a minimalist
Leviphage with a single-stranded RNA (ssRNA)
genome that encodes only four genes. Using RNA
for its genome is efficient in that copies of the pos-
itive-sense RNA genome function also as mRNA
for translation of phage proteins. For QB, DNA
synthesis is expendable, but there is a price to be
paid. Since its bacterial hosts do not have enzymes
for replicating RNA, Qf must dedicate one gene
to encoding its own replicase. Two more genes are
used for structural proteins. Qf’s simple icosahe-
dral capsid (T=3) is built from 180 copies of the ma-
jor capsid protein and 12 copies of the minor capsid
protein. The fourth gene encodes a multifunctional
protein termed the maturation protein, one copy
of which is found in each capsid. Its essential tasks
are: (1) to lyse the host cell so the assembled virions
can exit; (2) to protect the encapsidated genome
from RNases while in transit between hosts; and
(3) to recognize and adsorb to a pilus on a poten-
tial host, the first step in launching a new infection.
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These four genes are all encoded within a 4217 nt
single-stranded RNA (ssRNA) genome. Extra cod-
ing economy is provided by the overlapping of the
genes for the two capsid proteins (see page 7-10).
When translating the major capsid protein, ~5% of
the time the ribosome ‘reads through” the ‘leaky’
stop codon and continues translating, thus yield-
ing the longer minor capsid protein.

The smallest DNA phage genomes are found
among the Microphage. The small circular, single-
stranded DNA (ssDNA) genome of Microphage
$X174 was the first DNA genome sequenced
(Sanger et al. 1977). With only 5,386 nt, its ge-
nome appeared to be too small to encode all of
its proteins. It can, in fact, accommodate those
eleven genes because several of them overlap by
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using different reading frames. The jump from
four genes to eleven reflects their more complex,
although still tailless, icosahedral capsid whose
assembly requires the products of six genes. Even
in this extremely small genome of a well-studied
phage, two genes are not essential for phage rep-
lication in the lab, and thus their function has not
been determined.

More genes, more capabilities

Most phages have much larger genomes, with
50-100 kbp being typical in various environments
(Angly et al. 2009) The well-studied myophage
T4 uses a 169 kbp genome that encodes about 300
genes to carry out the same life cycle steps (see page
4-39; [Miller et al. 2003]). Why so many genes?
For what purposes? The functions of most phage
genes are still unknown. We do know that phages
dedicate a substantial number of genes to encod-
ing virion structural proteins. At the upper end
of the known range is the phage B. thuringiensis
0305¢8-36 that uses 42% of its genome to encode
55 structural proteins (Thomas et al. 2007). Of T4's
300 genes, only 62 are essential under standard
lab conditions, and 36 of those encode structural
proteins. Increasing the number of genes above
the minimum can allow a phage to carry out the
basic life cycle steps with greater finesse. For in-
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stance, QP employs only a single multi-purpose
gene to effect host lysis (see page 7-11), while
many other phages use a holin-endolysin system
(see page 7-5). The latter method provides more
versatile lysis timing, but it costs two or more
genes (Zheng et al. 2008).

Apparently the vast majority of the ‘non-essential’
genes in any phage genome are essential for the
phage to compete successfully in the world out-
side the lab. Such genes may function to counter
host defenses, to compete with other phages want-
ing the same host, or to do battle with other mobile
genetic elements. Others are used to obtain the ex-
tracellular resources needed for phage replication,
such as phosphate, or to precisely manipulate the
host’s metabolism to provide for the needs of the
phage. Still others may enable the phage to expand
its host range or to thrive under other environmen-
tal conditions. In addition, temperate phages (see
page 1-5) that co-exist with their host as a virocell
for extended periods often carry metabolic genes
that benefit their host, thereby serving the phage’s
interests, as well. Considering the great number of
currently uncharacterized phage genes, undoubt-
edly many novel protein structures and functions
await discovery within the vast dark matter of
phage genetic diversity.
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The Phage Life Cycle: Why Be Temperate?

Merry Youle

Note: This story is an introduction to phage lifestyles. If you can already define lysogen and are familiar with the ins and outs of

prophages, consider skipping this one.

Lytic replication can lead to a dead end. Our usual
view of explosive phage replication is biased by
culture-based studies in which abundant, well-
fed, rapidly-growing hosts are provided and com-
peting phages excluded. Thus provisioned, one
virion often produces more than a hundred prog-
eny in less than an hour. Conditions in the world
outside the lab do not foster such exuberant pro-
liferation. Susceptible hosts may be so scarce that
virions perish before finding one. And when the
right bacterial strain is encountered, the cell is apt
to be starving and unable to support virion pro-
duction. Such hurdles are the norm for phages in
many environments.

An alternate strategy

Some phages, including a large majority of the
tailed phages (Caudovirales), have a second strat-
egy at hand: they establish a temporary partner-
ship with the host cell. In this case the phage post-
pones virion production in exchange for interim
preservation along with slow, host-paced replica-
tion. Phages that are able to abstain from immedi-
ate rapid replication culminating in host lysis are
termed temperate. Soon after arrival in the host
cell, they can opt to synthesize an integrase that
will insert their genome into the host’s chromo-
some at a specific location by site-specific recom-
bination. An inserted genome is known as a pro-
phage; a bacterium with a prophage is a lysogen;
the process is referred to as establishing lysogeny.

Although not actively replicating, a prophage still
transcribes one or more of its genes. At least one
phage-encoded protein is necessary to repress
transcription of the genes that would otherwise
trigger the lytic pathway. Often that same protein
also protects the virocell from infection by related
phages, a defense known as superinfection im-
munity. Other active genes may increase host fit-
ness in some manner. By thus favoring growth and

survival of its partner, the prophage also prospers.
Each time the host replicates its chromosome, the
prophage is replicated along with the rest of the
host chromosome; each time the host divides, one
lysogen becomes two and one prophage becomes
two.

When conditions deteriorate, the prophage can
mutiny and turn on its partner. It then excises
from the chromosome and converts the cell into a
virion factory, with lysis following soon thereafter.
This induction of the prophage can be triggered
by damage to host DNA. It also occurs spontane-
ously at a low frequency, thus ensuring that there
are always some virions drifting about in the en-
vironment and available to launch lytic infections
when environmental conditions improve.

Lysis or lysogeny?

How does a temperate phage genome decide
what to do when it arrives in a host cell? The op-
timal choice is the one that will yield the most
progeny over time. Choose lysogeny, and at best
you duplicate at a slow pace; at worst you, along
with your host, are consumed by a hungry protist.
Lytic replication can potentially produce many
progeny, quickly, but only if conditions are favor-
able. Furthermore, the phage that seeks victory
by rapid lytic replication will win only a pyrrhic
victory if those progeny cannot launch future in-
fections. If the phage were to hire a consultant to
advise it, said consultant would formulate a math-
ematical model and assign values to parameters
such as the concentration of potential hosts, the
concentration of competing phages, the percent
of potential hosts that are immune lysogens, vi-
rion half-life, host metabolic state, and predicted
burst size. Phage A, a model temperate coliphage,
likewise takes those parameters into account and
makes its own decision efficaciously. The two key
factors are the ability of the cell at hand to sup-
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port virion production and the likelihood that the
progeny produced will find hosts. A assesses one
parameter that integrates both of those factors: the
concentration of phages in the infected cell.

It had long been observed in lab experiments that,
at a low MOI (multiplicity of infection), A almost
always goes lytic; the probability of lysogeny in-
creases with increasing MOI, eventually reaching
one. More recent work uncovered some of the mo-
lecular mechanisms underlying this behavior. Al-
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though the porins used by A as its receptor (LamB)
are numerous and scattered over the entire outer
membrane of its host, DNA entry requires an in-
ner membrane protein (ManY) that is concentrat-
ed around the cell poles (Edgar et al. 2008). Thus
A usually delivers its genome into a polar region.
There it quickly initiates synthesis of its early
proteins including a key regulatory protein, CII.
A high concentration of CII establishes lysogeny.
The higher the MOI, the more CII synthesized, the
higher the probability of lysogeny. By sensing the
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MOI in this fashion, A assesses the relative concen-
tration of hosts and competing phages.

A also factors in the metabolic state of the host cell.
The concentration of CII depends not only on the
amount synthesized, but also on the cell volume.
Thus, given the same MOI and the same amount
of CII synthesized, CII concentration will be high-
er in smaller cells, thus favoring lysogeny when
the host is starved. The concentration of ClII is also
affected by an essential host protease, FtsH, that
is localized at the poles and that specifically de-
grades CII (Hendrix 2008). Since the cellular FtsH
level is regulated by other aspects of host metabo-
lism, this provides A with yet another indication of
the well-being of this host.

Variations on the theme

While lysogeny as practiced by A has become the
paradigm, many other temperate phages add their
own distinctive twists (see page 5-5 and page 5-37)
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to the story. Some prophages do not integrate, but
persist stably as plasmids, replicating with the cell
cycle and partitioning to both daughter cells when
their host divides (see page 5-25; Ravin 2011). Other
phages, when stalled by unfavorable conditions,
settle for pseudolysogeny (Los, Wegrzyn 2012). In
this state they do not replicate with the host, but
simply persist, ready to resume activity when con-
ditions improve. Many archaeal viruses that infect
the hyperthermophilic Crenarchaeota also display
temperance, but the underlying mechanisms are
still unknown (Prangishvili, Garrett 2005).

Nowhere else is the association between phage
and host more intimately intertwined. Exploration
of this interplay can reveal much about cellular
biology, but unraveling those same interactions
poses challenges to researchers. Thus although
lysogeny is known to be important in diverse en-
vironments ranging from marine waters to the hu-
man gut, much remains to be investigated.
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Phage Classification for the 21st Century
Daniel C. Nelson*

Abstract: Taxonomic classification of bacteriophages, and all viruses, has been hindered by the lack of a common
protein or genetic locus similar to the 16S YRNA in Bacteria on which to base a phylogenetic tree. Traditional taxon-
omy schemes for phage have been based on morphology (i.e., electron microscope analysis) and biochemical evidence
(i.e., type of nucleic acid, strandedness, etc.). However, these approaches do not utilize the significant accumulation
of genomic data generated during the past 20 years, nor do they consider the mosaic nature of phage evolution. In
response to these shortcomings, several competing genomic-based alternative classification schemes have been pro-
posed and are being passionately debated. Whether one or several methods are eventually adopted, it is clear that the
current paradigm must evolve to keep pace with the discovery of new phages. Meanwhile, the current indexing by
the International Committee on the Taxonomy of Viruses (ICTV) continues to fall farther behind. A shift in emphasis
from higher order taxa designations to more detailed descriptions of monophyletic groups or even individual viruses

in an open source, user-curated format may be a trend for the future of phage taxonomy.

* Institute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD

Email: nelsond@umd.edu

Website: https://www.ibbr.umd.edu/profiles/daniel-nelson

My introduction to phage taxonomy began in the
fall of 2004. I had spent five years in Vince Fisch-
etti’s lab at The Rockefeller University, first as a
postdoctoral fellow, then as a research associate
(i.e., a glorified postdoc), exploring the potential
therapeutic use of phage-encoded endolysins.
Having trained as a protein biochemist and now
being focused solely on biochemically characteriz-
ing these enzymes, I was not particularly interest-
ed in phage biology, phage genomics, or phage-
host interactions. Phage taxonomy was probably
the furthest thing from my mind. In fact, at large
meetings such as the American Society for Micro-
biology General Meeting, I actively avoided the
“phage group” by entering my posters in the bio-
chemistry sessions rather than the phage sessions
because I felt more connected to my peers on the
enzyme level than the phage level.

I awakened to phage taxonomy abruptly that fall
when an email from an editor at the Journal of Bac-
teriology asked me to review a manuscript on that
very subject. That paper classified phages based
on conserved features in their structural proteins
as discovered through comparative phage genom-
ics (Chibani-Chennoulfi et al. 2004). I was flattered
and excited —it was the first time I had been asked
to serve as a reviewer —but scared at the same time

since I felt I had no real expertise in comparative
phage genomics. I accepted the assignment and
began earnestly reading the manuscript, all the
while scrambling to read recent articles on phage
classification and taxonomy to supplement my
limited knowledge. This reading showed immedi-
ately that there was no universally accepted taxo-
nomic method; animated controversies swirled
around the various taxonomic methods. Since this
was my first critique, I wanted to show the edi-
tor that I took the assignment seriously and was
current in the literature of the field, so with the
critique I included a comprehensive background
summarizing the debate over phage taxonomy,
listed several recently described phage taxonomy
methods, and explained how the manuscript I was
reviewing fit with one of those methods. Much to
my surprise, the editor wrote back the next day
saying he was impressed with the depth of my re-
view and wanted me to write a guest commentary
expanding on the taxonomy controversies I cited
in the critique. Now I was truly petrified. I, an
‘outsider” and a junior scientist to boot, was about
to publish my views on a subject that was current-
ly hotly debated by real experts who had devot-
ed their entire career to this field. While writing
the commentary (Nelson 2004), I had nightmares
of being confronted at phage meetings by scien-
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Figure 1. Transmission electron micrographs of representatives of the three families within the ICTV order Caudovirales.
(A) the Podoviridae: Staphylococcus aureus phage GRCS courtesy of Daniel C. Nelson. (B) the Siphoviridae: Mycobacterio-
phage Badfish courtesy of Matt Olm, Deborah Jacobs-Sera, and Graham Hatfull. (C) the Myoviridae: Synechococcus phage
S-PM2 (Mann 2005).

tists whose classification schemes I had disagreed
with, or worse still, by those whose theories I had
left out of my commentary altogether. Although
I did not immediately know what I would write,
I knew instantly what the title would be— Phage
Taxonomy: We Agree To Disagree.

Now, a decade later, the editors of this book have
asked me to share my current views, refreshed
to reflect the many significant changes that have
accompanied the explosion of sequence data and
other tools now available to phage taxonomists.
While I continue to have close ties to the phage
community and to study phage-derived enzymes,
I have remained on the fringes of the phage clas-
sification conversation. Perhaps I am once again a
questionable choice to author such a tome, but, at
the same time, my outsider status allows an unbi-
ased perspective on the various alternative taxo-
nomic strategies.

The evolution of phage taxonomy

Since the discovery of bacteriophage by Frederick
Twort in 1915 (Twort 1915) and Félix d'Hérelle in
1917 (d'Hérelle 1917), taxonomic classification of
phage has been a continually evolving process. In
the 1920s and 1930s, phages were known to differ
in their bacterial host specificity. In a hallmark 1934
paper, Alice Evans used different ‘races’ of strep-
tococcal phage to discern streptococci that caused

human infection (e.g., Streptococcus pyogenes) from
those that caused bovine infection (e.g., Streptococ-
cus dysgalactiae) (Evans 1934). This approach was
instrumental in establishing the field of phage typ-
ing, but in so doing it also developed a rudimen-
tary phage classification system.

During the 1940s and 1950s, the electron micro-
scope afforded biologists the ability for the first
time to not only see phage virions, but to make
observations about their physical size, tail fibers,
and capsid symmetry (Luria, Delbruck, Anderson
1943). This resulted in a simple classification sys-
tem based on phage morphology —a concept that
would have a profound influence on future taxo-
nomic schemes (Fig. 1). In 2011, it was reported
that at least 6,000 phages had been investigated by
electron microscopy (Ackermann 2011).

With advances in biochemical methods in the 1960s
came the isolation of nucleic acids from phage viri-
ons and the consequent ability to resolve both ge-
nome size and type (DNA, RNA, single-stranded
[ss], double-stranded [ds], linear, circular), add-
ing further information to complement the mor-
phological taxonomic schemes (Thomas Jr., Abel-
son 1966). By 1967, Bradley had created the first
unified phage classification system based on all
the data available at the time (Bradley 1967). His
proposal included six divisions of phages based
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on both morphology and nucleic acid, including
three with dsDNA (with long contractile tails,
long non-contractile tails, or short tails); two with
ssDNA (filamentous and small tailless), and small
tailless ssSRNA phages. The late 1960s also saw the
formation of various committees concerned with
viral taxonomy and nomenclature. Eventually,
the International Committee on the Taxonomy of
Viruses (ICTV) was established to develop a uni-
versal taxonomic system for viruses infecting Bac-
teria, fungi, plants, animals, and, later, Archaea. In
1971, the ICTV published its first report on virus
taxonomy, and in so doing, incorporated many of
Bradley’s ideas for grouping bacterial viruses by
their tail morphology (Wildy 1971).

A competing viral classification scheme, devel-
oped primarily for animal viruses, was suggested
by David Baltimore in 1971 (Baltimore 1971). This
system placed viruses into one of six, and even-
tually seven, groups based on their nucleic acid:
whether RNA or DNA, its strandedness, its sense,
and its mode of information transfer from genome
to protein (Fig. 2). While popular with many virol-
ogists, the Baltimore system does not adequately
describe the diverse morphology of phage at the
lower taxonomic levels, particularly for dsDNA
tailed phage, and therefore has fallen out of favor
with most phage taxonomists.

In contrast, the ICTV taxonomy is based on the hi-
erarchical system originally devised by Linnaeus
in 1758 to classify plants and animals (Linnaeus
1758). The recognized viral taxa, progressing from
the highest to the lowest rank, are: order, family,
(sub-family), genus, and species. The term ‘species,’
which has generated the most discussion, was un-
til recently defined as “a polythetic class of viruses
that constitute a replicating lineage and occupy a
particular ecological niche” (http://ictvonline.orgy/).
A polythetic class is, in turn, loosely defined by the
possession of a consensus group of properties, al-
though no single property is necessarily shared by
all members. Accordingly, phage have been histor-
ically classified by the ICTV based largely on their
nucleic acid composition (i.e., dsDNA, ssDNA,
dsRNA, ssRNA), morphology (i.e., tail presence,
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type, and length), and other virion structural prop-
erties (e.g., the presence of a lipid membrane). That
there has been little to no input from genome data
has caused considerable lively debate in the phage
community, escalating with the rapid expansion of
genomic data available (see below).

Since their first report in 1971, the ICTV has pub-
lished new reports every three to six years, with
annual online updates in recent years. The most
recent full report of the ICTV, the ninth, published
in 2011 (King et al. 2011) has been supplemented
by three subsequent updates, the most recent be-
ing in July, 2013. The current taxonomy release
includes seven orders, 103 families, 22 subfami-
lies, and 455 genera for all known viruses (http://
ictvonline.org/). Of these, bacteriophage presently
encompass one order and ten families (Table 1).

The archaeal viruses pose similar classification
challenges for the ICTV. The diverse hosts of these
viruses include members of the phyla Euryar-
chaeota (encompassing numerous methanogens
and halophiles) and the Crenarchaeota (notably
many thermophiles and hyperthermophiles). Al-
though the virions of some archaeal viruses have
the icosahedral morphology common among vi-
ruses of Bacteria and Eukaryota, others embody
shapes that are unique to these viruses such as ex-
tremely long filaments with terminal ‘claws,” bot-
tle-shapes, and spindles with or without slender
tails (Ortmann et al. 2006).

Challenges facing the ICTV

Despite its 40+ year history, critics are quick to
point out obvious shortcomings in the ICTV para-
digm. Specifically, the model puts little, if any,
weight on genomic information, with the single or-
der and three main families that contain the major-
ity of phage being based strictly on morphological
characteristics observed by electron microscopy.
In this respect, there has been little advancement
since Bradley’s 1967 classification. The impor-
tance placed on morphology and the concomitant
disregard for functional genomics has led many
phage biologists to question the ICTV rationale. It
has also led to some conflicting taxonomic assign-
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Figure 2. Baltimore classification system. The [+/-] designates positive/negative sense RNA or DNA.

ments. For example, Salmonella phage P22 and En-
terobacteria phage T7 are, according to the ICTV,
both members of the Podoviridae family based on
the presence of short tails in both. However, on
the genomic level, P22 is so closely related to En-
terobacteria phage A of the Siphoviridae that, as has
been known for 40 years, recombination between
their genomes forms functional hybrids (Botstein,
Herskowitz 1974). Given the current bourgeoning

of metagenomic approaches for sequencing whole
viral communities (Casas, Rohwer 2007; Mokili,
Rohwer, Dutilh 2012), we now have vast amounts
of data about a great diversity of environmental
phages, none of which have been isolated for EM
studies. Likewise, prophage or prophage-like ele-
ments are abundant in streptococcal, mycobacteri-
al, and other bacterial genomes (Ferretti et al. 2001;
Fan et al. 2014), yet few are recognized by ICTV or
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Table 1. ICTV classification of bacteriophages and archaeal viruses. Many remain unclassified even at the family level. Bold-
ed text denotes a phage featured in this book. The approval of families “Pleolipoviridae,” “Sphaerolipoviridae,” “Spiraviridae,”
and “Turriviridae” and their constituent species is pending at the ICTV. Sources: Pietild et al. 2009; Pietila et al. 2013a; Pietila
et al. 2013b; Prangishvili 2013; Pawlowski et al. 2014; N. Atanasova, personal communication; ICTV (http://ictvonline.orgy/).

ICTV Order ICTV Family Genome Virion Morphology Examples

Bacteriophages

Caudovirales Mpyoviridae dsDNA Icosahedral head; long, Bacillus phage SPO1, Staphylococcus

contractile tail phage Twort, Enterobacteria phage
T4

Caudovirales Podoviridae dsDNA Icosahedral head; short tail  Enterobacteria phage T7,
Streptococcus phage C1, Bacillus
phage $29

Caudovirales Siphoviridae dsDNA  Icosahedral head; long, Enterobacteria phage A, Bacillus

non-contractile tail phage SP, Mycobacteriophage
Brujita
— Corticoviridae dsDNA  Complex icosahedral Alteromonas phage PM2
capsid with internal lipid
membrane

— Cystoviridae Seg- Complex icosahedral Pseudomonas phage ¢6,

mented capsid, lipid envelope Pseudomonas phage ¢$8
dsRNA

— Inoviridae ssDNA  Filamentous Enterobacteria phage f1,
Enterobacteria phage M13, Vibrio
phage CTX

— Leviviridae ssRNA Icosahedral capsid Enterobacteria phage Qf,
Enterobacteria phage MS2

— Microviridae ssDNA  Icosahedral capsid Enterobacteria phage $X174,
Spiroplasma phage 4, Chlamydia
phage 1, Bdellovibrio phage MAC 1

— Plasmaviridae dsDNA  No capsid, lipid envelope Acholeplasma phage L2

— Tectiviridae dsDNA  Complex icosahedral Bacillus phage AP50, Enterobacteria

capsid with internal lipid phage PRD1, Thermus phage P37-14
membrane

Archaeal viruses

Ligamenvirales Lipothrixviridae dsDNA  Flexible, rod-shaped, lipid Sulfolobus islandicus filamentous

envelope virus (SIFV), Thermoproteus tenax
virus 1 (TTV1)

Ligamenvirales Rudiviridae dsDNA  Stiff, rod-shaped Sulfolobus islandicus rod-shaped
virus 2 (SIRV2), Acidianus rod-shaped
virus 1 (ARV1)

Caudovirales Myoviridae dsDNA Icosahedral head; long, Halorubrum sodomense tailed virus 2

contractile tail (HSTV-2), oH

Caudovirales Podoviridae dsDNA Icosahedral head; short tail  Haloarcula sinaiiensis tailed virus 1
(HSTV-1)

Caudovirales Siphoviridae dsDNA Icosahedral head; long, Haloarcula vallismortis tailed virus 1

non-contractile tail

(HVTV-1), pM1
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— Ampullaviridae dsDNA  Bottle-shaped, lipid Acidianus bottle-shaped virus (ABV)
envelope
— Bicaudaviridae dsDNA  Spindle-shaped with two Acidianus two-tailed virus (ATV)
tails
— Clavaviridae dsDNA  Bacilliform Aeropyrum pernix bacilliform virus 1
(APBV1)
— Fuselloviridae dsDNA  Spindle-shaped Sulfolobus spindle-shaped virus 1
(SSV1), Acidianus spindle-shaped
virus 1(ASV1),s 1
— Globuloviridae dsDNA  Icosahedral, lipid envelope  Pyrobaculum spherical virus (PSV),
Thermoproteus tenax spherical virus
1 (TTSV1)
— Guttaviridae dsDNA  Droplet-shaped Sulfolobus newzealandicus droplet-
shaped virus (SNDV)
— “Pleolipoviridae” ssDNA, No capsid, lipid envelope Halorubrum pleomorphic virus 1
dsDNA (HRPV-1)
— “Sphaerolipoviridae” dsDNA  Icosahedral, internal lipid Haloarcula hispanica virus SH1,
membrane Natrinema virus SNJ1, P23-77
— “Spiraviridae” ssDNA  Hollow cylinder Aeropyrum coil-shaped virus (ACV)
— “Turriviridae” dsDNA Icosahedral, turreted, Sulfolobus turreted icosahedral

internal lipid membrane

virus (STIV)

have corresponding electron micrographs. Even
Genome Announcements, an online journal from
the American Society for Microbiology devoted to
the publication of new genomes, has streamlined
the publication process such that images are not
allowed. Thus, when electron micrographs are
obtained for a particular phage, as was the case
with GRCS, a staphylococcal phage belonging to
the Podoviridae that was recently sequenced by my
group, the images are relegated to “unpublished
data” status (Swift, Nelson 2014).

Perhaps most problematic of all, the hierarchical
classification system employed by the ICTV is
based on vertical transmission of genetic charac-
teristics, whereas it is well documented that hori-
zontal exchange within large shared genetic pools
has bestowed a level of genomic mosaicism in
phages not seen in any other organism (Hendrix
et al. 1999; Pedulla et al. 2003; Casjens 2005; Reyes
et al. 2012), thereby further muddling the concepts
of family, genus, and species. This mosaicism
plagues taxonomists by sometimes preventing
creation of new taxa at the family and order level,
while at other times hindering or blocking assign-

ment of phage to a particular family. These issues
are evident in that only three of the ten phage fam-
ilies are assigned to an order in the current ICTV
release, and even within the well-defined Podoviri-
dae (order Caudovirales), one third of the species
(14 out of 44) are not assigned a genus.

A watershed of alternative taxonomic ideas

All cellular organisms possess ribosomes that
translate nucleic acid sequences into the amino
acid sequences of proteins. The RNA components
of these ribosomes, and likewise the genes that
produce them, are extremely well conserved and,
as such, provide a basis for phylogenetic study
of all cellular life forms. Indeed, analysis of pro-
karyotic 16S ribosomal RNA (rRNA) allowed Carl
Woese and George Fox to distinguish Archaea as
the third domain of life (Woese, Fox 1977, Woese,
Kandler, Wheelis 1990). Thus rRNA is the basis
for modern taxonomic classification within all
three domains. However, this classification tactic
cannot be applied to phages, nor indeed to any
other viruses, because none encode their own ri-
bosomes. Even worse news: examination of 105
fully sequenced phage genomes available in 2002
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indicated that there is no single protein marker
that is conserved in a majority of phage genomes
(Rohwer, Edwards 2002).

By the early 2000s, the lack of a universally shared
genetic locus (i.e, a 165 rRNA equivalent), the
shortcomings of the ICTV classification scheme,
and the extensive acquisition of new genomic
data prompted many phage researchers to not
only question the ICTV classification system,
but to suggest new approaches. Four groups in-
dependently published alternative classification
schemes, all based on analysis of the increasingly
available genomic data.

Forest Rohwer and Rob Edwards put forth the
Phage Proteomic Tree (PPT), a proteome-based
classification system that groups phages relative
to their near neighbors as well as in the context
of all other phages (Rohwer, Edwards 2002). Their
method used a distance matrix generated with the
BLASTP and PROTDIST programs to analyze the
relationships between the predicted proteomes of
105 phages. The resultant trees that showed re-
lationships based on individual phage proteins,
entire genomes, and phage groups were gener-
ally congruent with the ICTV families but also re-
solved several anomalies of the ICTV system. For
example, the PPT reclassified phage P22 (Podoviri-
dae) in the A-like Siphoviridae sub-family. Likewise,
the PRD1 phage, which is classified as Tectiviridae
by the ICTV due to its internal lipid membrane,
was moved to the PZA-like (now $29-like) group
within the Podoviridae based on its proteome
which, in turn, reflects the protein-primed DNA
replication machinery shared by members of that
group (see page 8-14). (In this book, an updated
PPT including 1220 genomes is used to classify the
featured phages.)

About the same time, a second classification
scheme was proposed that employed a genomic
analysis focused exclusively on the structural gene
module of the phages (Proux et al. 2002). The ra-
tionale for this approach stems from the observa-
tion that the structural gene module is the most
conserved module in dairy phage in the family
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Siphoviridae. These conserved proteins were thus
assumed to represent the ancestral taxonomic fin-
gerprint, and thus the inclusion of non-structural
genes in the analysis could mask these relation-
ships. Dot plots comparing numerous temperate
lactococcal phages at both the DNA and protein
sequence level revealed graded relatedness. Even
in the absence of detectable sequence relatedness,
synteny between their structural gene maps pro-
vided a basis for their classification. Such com-
parative genomic analyses were used to define
four species of lactococcal phage belonging to two
genera based specifically on the structural genes
involved in head morphogenesis. In contrast, sim-
ilar comparisons of all non-structural genes yield-
ed no defining characteristics that could be used to
discern different species.

A subsequent manuscript from the same group
further supports the use of structural genes for
comparative genomics, in this case within the
Myoviridae. In this report they showed extensive
sequence identity between the structural genes
of Lactobacillus phage LP65 and those of Bacillus
phage SPO1, as well as the related Listeria phage
A511 and Staphylococcus phage K (Chibani-Chen-
noufi et al. 2004). However, further analysis of
the structural genes from these related phages in-
dicated that the SPO1-like genus (now called the
Spounavirinae sub-family in the latest ICTV clas-
sification) shares more similarity with the A-like
Siphoviridae than with other genera of the Myoviri-
dae, and hence may represent a bridge between
the Myoviridae with their contractile tails and the
Siphoviridae with their non-contractile tails.

Yet a third viewpoint was offered in the early
2000s by a group at the Pittsburgh Bacteriophage
Institute when they suggested that it may be im-
possible to have a strictly hierarchical taxonomic
system for phages given the extent of their ge-
netic mosaicism, a result of their active horizontal
gene transfer (Lawrence, Hatfull, Hendrix 2002).
In their model, the top taxonomic levels would
still follow the hierarchical ICTV approach with
viruses first being divided into “domains” ac-
cording to their nucleic acid content, then further
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partitioned into “divisions” based on defining
morphological characteristics (e.g., filamentous
phages distinct from tailed phages). Below the
level of division, three basic tenets would guide
further classification. First, one or more loosely
defined “cohesion mechanisms” should be similar
among all members of a group. Second, to provide
an evolutionary basis, all members of a taxonomic
cluster should show significant sequence similar-
ity, preferably based on whole genome compari-
sons. Third, the phage may simultaneously belong
to multiple groups based on the first two criteria.
This web-like taxonomy affords a flexibility that
is not found in any of the other hierarchical ap-
proaches. Nonetheless, while the reticulate nature
at the core is the strength of the scheme, it is also a
weakness as layers of complexity are added with
each phage that is cross-referenced into two or
more groups.

A provocative fourth method for phage classifica-
tion, based on neither morphology or gene/pro-
tein sequence, was proposed by Dennis Bamford
in 2003 (Bamford 2003). His “primordial soup”
hypothesis postulates that significant folding
of biological macromolecules preceded the ap-
pearance of the first life forms, and therefore we
should look to conserved protein folds in struc-
tural proteins, such as the major capsid proteins,
to define viral lineages. While at the surface this
approach sounds very similar to the proteomic
tree of Rohwer and Edwards or the structural gene
approach taken by Proux, it is distinctly different.
While those methods rely on homology evident in
pairwise sequence alignment of genes or proteins,
Bamford compares the tertiary structure of pro-
teins in search of common folds. Protein fold does
not necessarily correlate to primary sequence.
For example, proteins that are 88% identical in
sequence homology have been shown to display
completely different folds and functions (He et al.
2008). Most usefully, protein tertiary structure can
be evolutionarily conserved long after sequence
similarity has been lost. That complex tertiary
folds have been found to be shared by viruses of
all three domains of life suggests that these folds—
and likewise these viral lineages—predate the di-

vergence of the domains. As an example, Bamford
points to nearly identical topologies of the major
capsid protein from the bacteriophage PRD1 and
that of an adenovirus, despite any detectable se-
quence homology between these viruses (see page
6-51). Since widespread evaluation of Bamford’s
idea would require vast structural protein data-
sets (crystallography or NMR coordinates), this
is currently more of a hypothesis than an actual
working method. Nevertheless, as a protein bio-
chemist, I find it very intriguing. Perhaps future
generations of phage taxonomists will not be per-
forming BLAST and PFAM bioinformatics search-
es on genes and proteins as they do today, but
rather will be calculating the root-mean-square
deviations (RMSD) between aligned alpha-carbon
positions of capsid proteins in the Protein Data
Bank (PDB).

It may be advantageous at times to use multiple
approaches, as exemplified by the description of
the new genus Viunalikevirus (Adriaenssens et al.
2012). Seven members of the Myoviridae family
(Salmonella phages Vil, SFP10, and USH19, Esch-
erichia phages CBA120 and Phaxl, Shigella phage
phiSboM-AG3, and Dickeya phage LIMEstonel)
lack all of the genes associated with outer base-
plate proteins and the long tail fibers characteris-
tic of Myoviridae. Comparative genomics revealed
several distinguishing features common to these
seven, e.g., genome size and organization, gene
synteny, replacement of thymine by a modified
uracil, and the presence of four tailspike pro-
teins instead of the long tail fibers characteristic
of phage T4. Electron microscopy confirmed the
presence of multiple star-like tailspike projections
and an absence of long tail fibers for several of
these phages. Thus, a combination of morphology,
genomics, unique nucleic acid and structural fea-
tures, and genome organization led to the descrip-
tion of a new genus, the Viunalikevirus, named af-
ter the phage Vil archetype.

Since the early 2000s when the above taxonomic
approaches were first postulated, refinements on
these approaches and new computational meth-
ods have populated the literature. One new tool
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is the use of protein clusters (PCs) to organize the
ORFans (viral genes of unknown function that are
unrelated to other known genes) that dominate
most viral genomes (Yooseph et al. 2007). PCs also
allowed a recent revision in the estimates of the
still largely unexplored viral sequence space that
yielded a value three orders of magnitude lower
than the bold extrapolations of a decade ago (Igna-
cio-Espinoza, Solonenko, Sullivan 2013).

Another alternative organization scheme is the use
of phage orthologous groups, or POGs, based on
the concept of evolutionary conservation of ortho-
log function (Kristensen et al. 2010). Significantly,
it is claimed that many viral taxa contain POGs
that can serve as diagnostic signatures for a given
taxon despite the fluidity of the viral pangenome
(Kristensen et al. 2013). Such signature genes must
meet the following criteria: (1) they are present
in most or all members of the taxon; (2) they are
never or only very rarely observed outside of the
taxon; (3) they are not present in prokaryotic ge-
nomes except within an identifiable prophage; (4)
preferably they are only present as a single copy in
the viral genome.

Researchers have also determined in recent years
that gene order and position within a genome can
be just as taxonomically valuable as gene content
itself (Li, Halgamuge, Tang 2008). This is particu-
larly useful for genomes that display high levels
of horizontal gene transfer, such as phage. Lastly,
some investigators are assessing tetranucleotide
usage deviation (TUD) patterns as a metric for
determining phage ancestral relationships since
TUD patterns in Bacteria had been previously
shown to yield phylogenetic relationships similar
to those derived from 16S rRNA analysis (Pride
et al. 2006). This research found that, likely due to
host influences, phages with a similar host range
carried similar genomic signatures in the form of
their TUD patterns.

A word about nomenclature

One cannot discuss phage taxonomy without a
parallel discussion of nomenclature. Ever since
the discovery of phage, their nomenclature has
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been seemingly as lawless as the Wild West.
Phages were often named using various Greek
letters (A, y, etc.) or simple numeric codes (N4,
C,, etc.), while for others, names were borrowed
from people (Twort, etc.) or reflected the whimsi-
cal musings of their discoverers (IronMan, Sweet-
iePie, KittenMittens, MisterCuddles, etc.). When
some names are derived from simple utilitarian
means and others reflect the creativity of phage
researchers, the resulting systemic breakdown is a
hindrance to phage taxonomy efforts, particularly
when different names are used in different labs.

To illustrate the point from my own perspective,
let me discuss my trials and tribulations determin-
ing the pedigree of the streptococcal C, phage I
have worked with for 15 years (Fig. 3). This phage
was first isolated from a Milwaukee, WI, sewage
treatment plant in 1925 by Paul Clark and Alice
Clark at the University of Wisconsin (Clark, Clark
1926). It was therefore referred to in the litera-
ture as the “Clark” phage, but also as the “sludge
phage," it being from sewage sludge (Shwartzman
1927).In 1934, as a result of this particular bacterio-
phage being able to infect streptococcal strain 563,
the sludge phage was renamed B563, for Bacterio-
phage of strain 563 (Evans 1934). Almost 25 years
later, Dick Krause, then at The Rockefeller Institute,
renamed it C,, to imply an exquisite specificity for
group C streptococci (Krause 1957). An aliquot of
the phage stock also made its way to Japan, where
the Chugai Pharmaceutical Co., Ltd., investigated
potential anti-tumor properties of the phage (Tak-
agaki et al. 1974). When the phage was found to
have none, it was deposited in the American Type
Culture Collection (ATCC) as ATCC 21597B. I have
subsequently sequenced the Rockefeller C, phage
(Nelson et al. 2003) and the ATCC 21597B phage
(unpublished) and they are indeed identical. To
further complicate the issue, there are no less than
five distinct phages named “C1” in the literature
(Kropinski, Prangishvili, Lavigne 2009).

To address the issue of nomenclature, a group of
scientists intimately associated with the ICTV pub-
lished a position paper calling for a rational new
system for phage nomenclature (Kropinski, Prang-
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ishvili, Lavigne 2009). Under this proposal, a phage
name would begin with a prefix, either vB for a
bacterial virus or VA for an Archaeal virus. This
would be followed by a three-letter host abbrevia-
tion similar to those used for restriction enzymes
(e.g., Eco for Escherichia coli, Sau for Staphylococcus
aureus), then a single letter family designation (e.g.,
P for Podoviridae, S for Siphoviridae, M for Myoviri-
dae), and lastly a phage-specific designation. For
the latter, a lab-specific or common name can be
used, although it is recommended that Greek let-
ters, Roman numerals, and superscripts be avoid-
ed. Thus, under this premise, the phage C, that I

work with that infects S. dysgalactiae and belongs to
the Podoviridae would be named vB_SdyP_C1 and
the aforementioned MisterCuddles would be vB_
MsmS_MisterCuddles since it is a member of the
Siphoviridae that infects Mycobacterium smegmatis.
Granted, this nomenclature is a bit cumbersome,
and traditions run deep in the phage community.
Both of those factors may lead to slow acceptance of
this proposal or the outright refusal to change some
of the well-known traditional names. Nevertheless,
this nomenclature system is the first in the 100 year
history of phage to codify the nomenclature and
therefore should be given its due attention.

Figure 3. A regional PPT created for this book to show Streptococcus phage C, and it neighbors. For information on the

PPT, see Appendix A3 (page 8-8).
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The way forward

A 2013 update to the ICTV definition of “species”
states that the properties that define a species will
now be determined by various study groups of
the ICTV and may include, but are not limited
to, natural and experimental host range and the
degree of relatedness of their genomes or genes
(Adams et al. 2013). While it is exciting that the
ICTV is finally willing to embrace genomic data,
it is not clear how these changes will be imple-
mented, which analysis methods will be chosen,
whether the issue of mosaicism can be resolved,
and if the use of genomic data will be restricted
to the species level or will ultimately be used for
genus, family, or order level classifications.

In the end, despite all the controversy surrounding
phage taxonomic schemes, it may not make much
difference which approach is taken or whether
multiple approaches are used together. Notwith-
standing a few outliers, several of which are de-
tailed above, all of the alternative genome-based
methods ultimately cluster the vast majority of
phages within the same order, family, and genus
as currently assigned by the ICTV. Nonetheless,
changes need to be made as we move forward. The
ICTV database (ICTVdb) is no longer being main-
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tained or updated, and with the speed at which
new viral genomes are being sequenced, it is un-
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He maintains that the higher taxa designations are
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vidual viruses, instead. Second, he calls for move-
ment of the ICTVdb and all associated metadata
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Encyclopedia of Life (http://eol.org) or Wikipedia
(http://www.wikipedia.org), where crowd sourc-
ing by groups of interested scientists directly en-
gaged with the virus(es) described can best curate
the entry to satisfy all stakeholders. In my opin-
ion, this is a much better long-term solution than
relying on annual subcommittee meetings of the
ICTV to deal with the increasing volume of new
entries. To a limited degree, the phage commu-
nity is already embracing the open access concept
for some of the more famous phage. For example,
see the entry on phage A (http://en.wikipedia.org/
wiki/Lambda_phage). As the rate of data acquisi-
tion continues to escalate, it will require a wide-
based community effort, including some innova-
tive strategies, to keep pace.
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Enterobacteria Phage RB49

a Myophage that senses environmental cues to decide when to extend its long tail fibers

Genome

dsDNA; linear
164,018 bp

279 predicted ORFs; 0 RNAs

Encapsidation method
Packaging; T = 13 capsid
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Escherichia coli ~
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Mammalian intestines
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Enterobacteria Phage RB49

2,000 4,000 6,000 8,000 10,000 12,000 14,000
| | | | | | |

rITA, membrane (POG0387) P5 p7 (POG0390) dda, helicase (POG0377) 61, primase (POG0084) 41, helicase (POG0025)
30, topoisomerase (POG0382)! | po! | srd, anti-sigma (POG2446) | p17 de1!  uvsX, recombination (POG0097)
p2 dexA, exonuclease (POG0982)! 56, dCTP pyrophosphatase (POG0397) p18 de2!
p3 (POG3796) p6.1I modB, ADP ribo. (POGs 0393,2445)' p19 (POG0398) p23, head vertex (POG0402)
p4 (POG3797) po!  p12 (POG2190)'

16,000 18,000 20,000 22,000 24,000 26,000 28,000 30,000
| | | | | | | |

43, DNA polymerase (POG0359)' 45, sliding clamp (POG0409)' 46, endonuclease (POG0083) P36 a-gt.4 (POGo710) P44 (POGs 1685,1686)
uvsX, recombination (POG0097)! | rpbA, RNAP-binding (POG0410)! 47, endonuclease (POG0082)! p46 (POG3798)
p25' 44, clamp loader SSU (POG0996)I p31I P40, endonuclease (POG0184) P45 (POG1687)I
regA, tl. repressor (POG1681)! po33 (POG1683) P35 p38! 55, sigma factor (POG1006)
62, clamp loader SSU (POG0408) p37! a-gt.5 (POG1684)!

32,000 34,000 36,000 38,000 40,000 42,000 44,000
| | | | | | |

nrdD, NTP reductase (POG0420)" p57
ps54' pss'

p48~——=p49,
nrdG, NTP reductase (POG0419)

P59
dam, methylase (POG0240)
p46 (POG3798)!  pso!

49, recomb. endonuclease (POG1000)'
nrdH, glutaredoxin (POG0161) nrdC, thioredoxin (POG0161) p66 P75
p53 (POG1376) p6o
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p79, LTF assembly (POG2450) tk.4 (POG1382) nrdC.11 (POGs 0431,1177) p104 {)120
p78I tk, thymidine kinase (POG1030)I | vs.1 (POG1454)I lp95' | vs.8 (POG2931) p103I p1oy p18 | p122
p8o | rI-1(POGogys)! regB, RNase (POG0436) vs.6 (POG0440)' | p106! dmd, mRNA degradation (POG2441)
p82! | |vs, tRNA synthetase mod. (POG2422)! p102, endolysin (POG0055) | p114 (POG1983)! p117! priig!
p84 (POG3800) p89 (POG0435)! P96 pio5'  p1o8 puz! pi21
p83 (POG3799)I hypothetical proteinI P97 p111I
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pi41
p136 (POG0238) 1p142
53, baseplate wedge (POG0452) | 16, baseplate wedge (POG0229) 18, baseplate wedge (POG0455)
15.1 (POG0374) \P143, methyltransferase (POG3801)
p130 5, BP hub & tail lysozyme (POG0453) 7, baseplate wedge (POG0454) p140
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| | |

5 2, DNA end guard (POGs 1802,1010)
1, dNMP kinase (POG0020)

"3, tail & sheath (POG1038)
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p127, TF chaperone (POG1799)!
dmd, mRNA degradation (POG2441)
p124!

9, BP wedge/TF connector (POG1804) 116, terminase SSU (POG1039)

11, BP wedge & tail pin (POG0457) 114, neck (POG0461) 20, portal vertex (POG1001)

D143, methyltransferase (POG3801)1 |P147, short tail fibers (POG0458) 113, neck (POG0460) | 117, terminase LSU (POG0252) 119, tail tube (POG1005)
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67, prohead core (POG0463)
68, prohead core (POG0464)
21, scaffolding protease (POG0351) p162 51, BP hub assembly (POG0997)
22, prohead core (POG0465) 124, capsid vertex (POG0467) \ juvsW.1 (POGo472)
23, major capsid (POG0466) uvsW, helicase (POG0081).

20, portal vertex (POG1001)

98,000 100,000 102,000 104,000
| | | |

p164 (POG1369) p175, baseplate hub (POG0997)

hoc, outer capsid (POG0470)
25, baseplate wedge (POG0076)I

inh, protease inhibitor (POG0471)

p165 p168.2I uvsY, recombination (POG0473)'
p166 (POG0469) uvsY.-2 (POG1821)
p167
1p178, baseplate hub (POG0475)
51, BP hub assembly (POG0997)
27, baseplate hub (POG0474) 148, baseplate (POG0477)
p1709, tail length (POGo0476) 54, baseplate (POG0478)
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p217 (POG1831)I
\P249, LTF connector (POG2006)
34, long tail fiber (POG0500)
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nrdA, RNR (POG0088) p237 P239 p240
td, dTMP synthase (POG0092)I | | 32, ssDNA-binding (POG0499)

frd, DHFR (POG0496) 59, helicase loading (POG1860) p247 (POG3153)
p236! dsbA, dsDNA-binding (POG1414)
p243, tc. accessory (POG1861)!

1des5 (POG1484)
252 (POG3804)
t, holin (POG0505)

p250, LTF connector (POG0503)
p251, long tail fiber (POG0504)
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Testing the Waters

Merry Youle

Mise-en-Scene: All life forms sense key environmental cues and then respond appropriately. Phages are no excep-
tion. They keep tabs on the external environment, some then choosing to promote or delay adsorption depending on
conditions. For these phages, to extend their tail fibers or not to extend: that is the question. Temperate phages are even
more sophisticated, weighing factors such as host physiology and abundance as they make their lysis/lysogeny decision.

The iconic image of a phage seen on T-shirts and
coffee mugs is that of a T4 virion tumbling through
the milieu, its six ‘claws’ outstretched, poised for a
deadly encounter with a hapless E. coli. However,
such images can be misleading. Consider a more
restrained possibility: a phage holding most of its
tail fibers close to its tail or head, gingerly extend-
ing just one at a time to test the waters. This demure
strategy offers some advantages. When extended,
the tail fibers are more susceptible to damage (Kel-
lenberger et al., 1965) and they slow virion diffu-
sion. More importantly, there is no need for all six
to be deployed to search for prey, as one extended
fiber surveys almost as large a volume as does six.
So which strategy do the phages choose: travel
with all tail fibers extended, a few, or none?

While on the prowl, Podophage T7 extends indi-
vidual tail fibers sequentially, just one at a time,
to scout for prey (Hu et al., 2013). When it con-
tacts a potential host, it walks along the cell sur-
face like a six-legged dancer lightly balancing on
only one leg at a time (http://www.youtube.com/
watch?v=Gy42CoygKjE). Each fiber in turn binds
reversibly, and only weakly, but even weak inter-
actions can provide enough ‘gravity’ to keep the
phage exploring the surface rather than drifting
away. This approach decreases the search space
from three dimensions to two. When by chance a
tail fiber encounters T7’s specific receptor, walk-
ing comes to a halt. Now all six tail fibers bind and
soon an infection is underway. Is T7 the exception
or the norm?

Whiskers

Consider the T4-like phages, phages such as RB49.
Being Myophages, their situation is a bit different.
Their tail is a complex macromolecular machine,

typically about 144 nm long and composed of at
least 430 polypeptide chains. Each tail bears three
sets of fibrous structures: six long tail fibers (LTFs)
essential for host recognition and the initial revers-
ible adsorption; six short tail fibers (STFs) required
for irreversible adsorption; and six whiskers. As
their name suggests, the whiskers are located at
the phage ‘neck’ and are short, only 53 nm long.
They don’t interact directly with the host surface,
but nevertheless they play a key role when on the
prowl for a host.

These whiskers are stiff bristles, each one built
from three parallel molecules of the Wac (whis-
ker antigen control) protein (Efimov et al., 1994).
Although simpler than the LTFs, they neverthe-
less comprise three distinct regions. The middle
80% of the protein chain is a coiled coil a-helical
structure that constitutes most of the length of
the bristle (Letarov et al., 2005). The C-terminal
domain at the distal end of each chain serves as a
foldon that ensures correct folding and trimeriza-
tion. The N-terminal domains of all the whiskers
form a wheel-like collar around the neck, with
the domains of adjacent whiskers linked by one
copy of an unidentified protein (Kostyuchenko et
al., 2005). This arrangement spaces the whiskers
evenly and anchors them to the capsid.

The whiskers are put to work right away to as-
sist with the last assembly step: the attachment of
the LTFs. This maneuver is a bit of a trick. Try to
picture docking one end of a ~144 nm long LTF
to the baseplate of a preassembled virion within
the crowded cytoplasm of the host cell. These
phages align each LTF for attachment by using
both ends of a whisker to ‘grasp’ it at specific loca-
tions (Kostyuchenko et al., 2005).
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Environmental sensing

After host lysis, freshly minted RB49 virions set
off into the world to repeat the cycle of carnage.
Should we imagine them adrift in search of new
hosts with all six tail fibers displayed? Or, T7-like,
with most LTFs held close? Because it has whis-
kers, RB49 can choose. It adaptively retracts or ex-
tends its LTFs depending upon the environmental

conditions it encounters. If the phage judges the
environment to be adverse, its whiskers hold the
LTFs in the retracted position where they form a
‘jacket” around the tail sheath, slightly overlap-
ping the head. Such introverted virions are not
infective (Kellenberger et al., 1965). This also shel-
ters the LTFs from damage.
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What environmental conditions do these phages
monitor? For one, they perform a litmus test, re-
tracting their LTFs when the pH drops to 5 or be-
low (Kellenberger et al., 1965). Likewise they con-
sider 0.10 M salt hospitable, but retract their LTFs
if the salt concentration decreases to 0.01 M (Con-
ley and Wood, 1975). If the temperature drops
from 20° C to 11° C, they respond by retracting.
These are reversible responses, not permanent in-
activation. When favorable conditions return, they
unfurl their LTFs and infectivity is restored.

Some T4 strains have a more refined mechanism
that tests the environment for a specific com-
pound required for infectivity. These phages keep
their LTFs retracted by binding them to their tail
sheath until they ‘sense’ the presence of the co-
factor (Brenner et al., 1962). For one such phage
(T4B), a single molecule of tryptophan per LTF is
sufficient to disrupt this binding and allow LTF ex-
tension (Kellenberger et al., 1965). It is likely that
other phages use different cofactors when hunting
in the intestinal milieu.

Cited references
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Shades of gray

A dynamic picture emerges for RB49 and the many
other T4-like phages. When on the prowl, if con-
ditions are unfavorable, their whiskers hold the
LTFs close, thereby preventing adsorption. How-
ever, this need not be an all-or-none response. Per-
haps when in the gut, influenced by multiple en-
vironmental signals, RB49 might take a cue from
the tryptophan-requiring T4 strains and modulate
its response. Depending on the tryptophan con-
centration, those strains extend one, two, three, or
more LTFs. Even when denied tryptophan, only
80-85% retract all their LTFs, which still leaves 15-
20% one-legged virions able to contact a host (Kel-
lenberger et al., 1965).

Whiskers are typically described in the literature
as “rudimentary” sensory devices, implying they
are primitive or undeveloped. In actuality, they
are a sophisticated and economical mechanism
enabling ‘inert’ virions to respond adaptively to
diverse external clues. They raise the question:
Are T4 and its relatives sentient beings?
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Bordetella Phage BPP-1

a Podophage that generates diverse receptor-binding proteins by targeted mutagenesis

Genome
dsDNA; linear

42,493 bp
49 predicted ORFs; 0 RNAs

Encapsidation method
Packaging; T =7 capsid
Common host

Bordetella bronchiseptica

Habitat
Host-associated; mammals

Lifestyle
Temperate
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Bordetella Phage BPP-1

2,000 4,000 6,000 8,000 10,000 12,000 14,000
| | | | | |

brt, rev. transcriptase (POG0979) bbpo, tail fiber & lysin i bbp12, tail
mtd, major tropism det. (POG2137)! bbp11, lysinI
bbp1 (POG1925)} bbp7!
bbp2 (POG0992) templateI
bbps! | variable region 1

bbp4
bbp28
16,(|Joo 18,(|J00 20,000 22,000 24,?00 26,000 28,000 30,000
=
bbp13 (POG2325)' bbpis bbp21, head-tail connect. (POG0030) bbp27, tc. reg bbp29, primase (POG0326)
bbpi2, tail! bbp17, major capsid (POG3740)I bbp2s, terminase LSU (POG1357)I bpm, methyltransferase (POG0990)
bbp18, protease (POG3739) bbp24, acetyltransferase!
bbp16 (POG3741)I bbp2o (POG3742) bbp22I
bbp14 (POG2326)! bbp1g (POG3738)! bbp26, terminase SSU (POG0612)
bbpas!
1bbp49, excisionase (POG3309)
bbp44 (POG3669)
|bbp46
1bbp45
bbp34 variable region 2 | bbp39 bbp43 (POG0327)
1bbp3s 1bbp37 (POG3903) bbp41 |bbp50, integrase (POG0275)
cl, lysis repressor (POG0148) | 1bbpgo (POG1046) 1bbp47, helicase (POG0053)

bbp38 (POG1047) bbp42, DNA polymerase (POG0026) bbp48 (POG0328)

bpm, methyltransferase (POG0990)"
bbp3s1, Cro-like (POGs 0318,1189)\

On the Prowl Entry Takeover Replication  Replication Assembly Escape Transfer Non-coding Multiple Unknown
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Phages Win with GOD on Their Side

Merry Youle

Mise-en-Scene: We humans point proudly to the production of >10" (perhaps 10") different immunoglobulins by
our adaptive immune system. To accomplish this feat we rely on several mechanisms, including recombination and
hypermutation. The Bordetella phage BPP-1 has a very economical and precisely targeted mechanism that creates
10" variants of its receptor binding protein. Not bad for a ‘simple’ phage.

Note: Generation Of Diversity (GOD), an immunological term designating the molecular mechanisms that underlie the
specificity of our innate and adaptive immune systems.

Every virion requires its specific receptor on the
cell surface in order to recognize a potential host
and launch an infection. What’s a phage to do if
its receptor disappears? No receptor, no infection,
and soon no phage. ‘'Knowing’ this, Bacteria often
evolve a slightly modified variant of a phage’s
receptor that is unrecognizable to the phage but
still functions somewhat for the host. Impaired
functionputsthehostatacompetitivedisadvantage
unless phages are decimating the competition.
Moreover, a host relying on this tactic gains only
a brief respite as phage mutants able to use the
modified receptor quickly arise. Even worse for
the bacterium, some phages have ways to rapidly
generate diversity in their receptor recognition
structures. Why not jettison the receptor entirely?
Likely some Bacteria did, but we’d never know for
certain. Any surface component currently serving
as a receptor likely provides sufficient benefit, at
least under some circumstances, to counter the
cost of phage predation.

Receptors come, receptors go

Some receptors do come and go from the cell
surface in the normal course of bacterial life,
giving those Bacteria a temporary cloak of
invisibility. To keep pace, some phages engage in
tropism switching. One stratagem for alternating
tropisms is to encode the genes that influence
receptor binding within a gene cassette that can
be inverted in the phage genome every so often.
Genes for binding one receptor are transcribed
only when the cassette is in one orientation;
other genes yielding different receptor-binding
capabilities are expressed when the cassette is
flipped. As a result, phages with their cassette in

the different orientations can infect different hosts.
Such invertible cassettes are found in phages Mu
and P1, among others (Howe 1980; lida 1984).

Useful variants

Instead of playing either/or, some phages routinely
generate exceedingly diverse receptor-binding
possibilities using targeted mutagenesis to modify
their receptor-binding protein. This tactic was first
discovered in BPP-1, a phage that infects Bacteria
in the genus Bordetella (e.g., B. pertussis that causes
whooping cough). These Bacteria regulate the
activity of their virulence genes in response to a
variety of environmental signals. During their
virulent phase (termed Bvg' phase for Bordetella
virulence genes), they express a suite of genes that
enable them to infect a host. One of those genes
encodes pertactin, an outer membrane protein
used to adhere to tracheal epithelial cells. Phage
BPP-1 uses pertactin as its receptor. Thus it infects
Bvg* phase Bordetella, but not Bvg™ cells.

Nevertheless, in every million BPP-1 progeny
virions, there is one that infects Bvg™ cells and
another that infects cells in both phases. (Let’s call
those phages BPP-1/- and BPP-1/+, respectively.)
Thus these BPP-1 virions fall into three types, each
able to infect a different group of Bordetella hosts.
Moreover, infection by a virion from any group
yields some progeny from the other two groups as
well, at rates that range from one in a thousand to
one in a million. (Given that one routinely obtains
10° or more virions per ml when growing a phage
with its host in liquid culture, such ‘rare’ variants
are easily isolated.) The phages in all three groups
are almost identical. They differ in just one protein,



Mtd (Major tropism determinant), the protein at
the tips of their tail fibers that binds to the receptor
on the host. Moreover, all the differences among
those phages are restricted to only twelve of Mtd’s
381 amino acids. That restriction reflects both how
the variants arise and how they influence receptor
binding specificity.

One domain of the Mtd protein has the three-
dimensional structure of a C-type lectin fold
(Medhekar, Miller 2007). This protein fold
contributes to cell adhesion or recognition
activities in the immune system of many
metazoans. In Mtd, this domain sits at the very
end of each tail fiber with its receptor-binding
pocket exposed and facing outward, ready to bind
a host cell. All twelve of those key amino acids (see
above) lie on the binding surface, thus directly
influence receptor recognition. By changing one
or more of those twelve, the phage can generate
10" different proteins each with a potentially
different binding capability. Let the bacterium try
to hide by modifying its pertactin, and chances
are some phage variant will arise that can bind
the new version or that can use a different surface
component as its receptor. Witness the BPP-
1/- phages that switched from pertactin to some
unknown receptor. Given the immense number of
phages, even such seemingly improbable events
help the phages win.

Behind the curtain

How does the phage generate this diversity?
BPP-1 is equipped with a Diversity Generating
Retroelement (DGR), the first one to be discovered
(Liu et al. 2002). With this tool in hand, the phage
focuses its efforts on the portion of the mtd gene
that encodes the twelve key amino acids—the
3’-terminal 134 bp of mtd. Very close to this
3’-terminus resides an unaltered template copy of
the 134 bp sequence, and adjacent to that template
is the gene for the Bordetella reverse transcriptase
(Brt). The template is transcribed into RNA,
but unlike the case for the mtd gene, this RNA
is not translated into protein. Instead, the Brt
reverse transcriptase transcribes the RNA into
complementary DNA, mutating some or all of the
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adenines in the process. These altered DNA copies
sometimes mutate the mtd gene by replacing part
or all of the corresponding 134 bp region.

Thus, this precisely targeted mutagenesis is
restricted to the 134 bp region of the mtd gene
and affects only adenine-containing codons.
Furthermore, as a result of selection over
evolutionary time, the only adenine-containing
codons remaining in that region are those that
encode the twelve critical amino acids at Mtd’s
receptor binding site. Mutation of other amino
acids that might disrupt Mtd’s structure or
function is prevented. Pretty smart! When BPP-1
synthesizes its tail fiber proteins using a mutated
mtd gene, the product is an altered Mtd protein
with potentially different
abilities. Usually these mutations are neutral or
deleterious, but occasionally they enable the phage
to counter the evasion strategies of their host.

receptor binding

Beyond the phage lectin fold

DGRs are versatile mechanisms that are not
limited to altering only proteins with the C-type
lectin fold. DGRs found in phages within the
human gut (see page 2-35) are predicted to
also introduce diversity into proteins with an
immunoglobulin-like fold (Minot et al. 2012). Nor
are DGRs proprietary phage property. Bacteria
also employ them, albeit with their own distinctive
twists. For example, some Bacteria encode one
template that services two genes, while others
have multiple non-homologous DGRs (Doulatov
et al. 2004) each with its own template, diversified
gene, and reverse transcriptase. Thus, these
diversity-generating weapons are used by both
sides in the ongoing arms race between phages
and their hosts.

Our own activities sometimes can influence this
arms race in unexpected ways. The vaccines
we have been using against Bordetella have
inadvertently favored the rise of B. pertussis strains
that have dispensed with pertactin entirely, thus
eliminating BPP-1’s customary receptor (Bodilis,
Guiso 2013). Clearly, this loss won’t baffle BPP-1
for long. This phage, equipped with capabilities
for GOD, won’t miss a beat.



Chapter 2: On the Prow/ 2-15

Expression of mtd preduces
vifions with - pertactin-
bindrg fal-fbers

. & ® .

\//;_Q /
o >
/ -

*

Mutated DN K partially
replaces homotosous Yegion

M) of mid.

—

it it @SR

Cited references

Bodilis, H, N Guiso. 2013. Virulence of pertactin-negative Bordetella pertussis isolates from infants, France. Emerg Infect Dis 19:471.

Doulatov, S, A Hodes, L Dai, N Mandhana, M Liu, R Deora, RW Simons, S Zimmerly, JF Miller. 2004. Tropism switching in Bordetella
bacteriophage defines a family of diversity-generating retroelements. Nature 431:476-481.

Howe, MM. 1980. The invertible G segment of phage mu. Cell 21:605-606.

lida, S. 1984. Bacteriophage P1 carries two related sets of genes determining its host range in the invertible C segment of its genome.
Virology 134:421-434.

Liu, M, R Deora, SR Doulatoy, et al. 2002. Reverse transcriptase-mediated tropism switching in Bordetella bacteriophage. Science
295:2091-2094.

Medhekar, B, JF Miller. 2007. Diversity-generating retroelements. Curr Opin Microbiol 10:388-395.

Minot, S, S Grunberg, GD Wu, JD Lewis, FD Bushman. 2012. Hypervariable loci in the human gut virome. Proc Natl Acad Sci USA 109:
3962-3966.



Life in Our Phage World

Enterobacteria Phage x

a Siphophage that lassos a rotating flagellum and rides it to the host cell surface

Genome
dsDNA; linear
59,407 bp

75 predicted ORFs; 0 RNAs

Encapsidation method
Packaging; T = ? capsid

Common hosts
Escherichia coli and Salmonella

Habitat

Mammalian and avian gut
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Lytic
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Enterobacteria Phage x
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The Flagellar Express

Merry Youle

Mise-en-Scene: Phages that use an essential cell surface structure as their receptor put their host in a no-win situ-
ation. Modifying that structure to block phage adsorption is apt to impair its function, thus apt to decrease host fit-
ness. Flagella are one such structure that is skillfully exploited by flagellotropic phages. As a further benefit, flagella
present a large target, thereby increasing the probability of a successful phage-host collision.

An E. coli swims along at a brisk 20 um sec™
through a sea of phages, propelled by its bundle
of rotating flagella trailing behind. No sitting
duck, this bacterium, but rather a challenging
quarry worthy of a skilled hunter. While this
speedy travel has its advantages, the numerous
long flagella employed offer vulnerable targets
for any phage able to throw a lasso. Here comes
such a phage now! Phage x curls a tail fiber
around a rotating flagellum and reaps a fast ride
to the cell surface. There it locates its specific re-
ceptor nearby, binds irreversibly, and introduces
its DNA. Infection!

Flagella are widespread in the Bacteria, and flag-
ellotropic phages, like x, abound. These phages
include both Siphophages and Myophages, all
characterized by having curly or coiled tail fibers.
(The head filaments of Caulobacter phage [see page
2-22] are a kinky variation on the theme.) Bacte-
ria could escape infection by these phages if only
they would get rid of their flagella. When grown
at 42° C, E. coli does just that and eludes ¥ attach-
ment (Schade, Adler, Ris 1967). Whirring E. coli in
a blender for two minutes has a similar, but only
temporary, effect. Flagellar filaments are sheared
off, but flagella quickly regrow. In a few minutes
there are short stubs, and x once again attaches,
albeit more slowly (Schade, Adler, Ris 1967).

Runs & tumbles

Flagellotropic phages such as x use only rotating
flagella (those of E. coli rotate at >100 rpm) and the
direction of rotation matters (Samuel et al. 1999).
All the flagellar propellers on a bacterium rotate
in the same direction, but that direction alternates
every 1-2 sec as part of the cell’s chemotactic re-

sponse. During counter-clockwise (CCW) rota-
tion, the spinning helical flagella bundle together
and propel the cell forward—a ‘run.” Clockwise
(CW) turning disperses the bundle and the cell
“tumbles” without making any headway. The bac-
terium moves preferentially toward an attractant,
such as food, by increasing the length of the runs;
tumbles provide an opportunity to reorient as
needed. x requires periods of CCW rotation (i.e.,
runs) for infection.

Nuts & bolts

A phage tail fiber wrapped around a flagellum is
analogous to a right-handed nut screwed onto a
threaded bolt. To thread a nut onto a bolt, you turn
the nut CW (as viewed from the end of the bolt)
or you can turn the bolt CCW. Turn either in the
wrong direction and the nut falls off the end. When
a flagellum rotates CCW, a x phage ‘nut’ threads
rapidly toward the cell surface; CW rotation sends
the phage in the opposite direction. Mutant hosts
that rotate mostly CW reduce x infection efficien-
cy. Threading a phage nut onto a flagellum also re-
quires that the phage’s tail fiber fit into the helical
grooves that run along the surface of the flagellum
from its base to tip. Mutations that alter the dimen-
sions of the groove reduce phage infectivity.

Whether the phage makes it to the cell or is spun
off the end of the flagellum depends on where
along the flagellum it attaches and how soon af-
terwards the motor reverses. Given a moderate
100 rpm rotation and a ~50 nm pitch of the sur-
face helical groove of the flagellum, x could travel
a few micrometers in one second. A typical CCW
run lasts one to two seconds, which gives x a good
shot at making it all the way home (Samuel et al.
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1999). If the first attempt fails, the expelled phage
can likely grab onto a nearby filament when the
bacterium starts the next run and try again.

A rhizosphere adaptation

Warning! You can’t judge a bacterium by its fla-
gellum. Most bacterial flagella are built from very
similar flagellin proteins and adopt very similar
filament structures. Thus the same phage nut fits
all, or at least many. A phage might ride a rotat-
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ing flagellum to the cell surface only to discover
that it has ‘bolted” to the wrong doorstep: this cell
is not a host. However, there are some bacterial
flagella that are recognizably different. One type,
known as complex flagella, enables Bacteria such
as Agrobacterium sp. H13-3 to motor through the
viscous rhizosphere. These relatively rigid flagella
are built from three different flagellins instead of
just one, making their surface a complex pattern of
ridges and grooves (Yen, Broadway, Scharf 2012).
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Moreover, they rotate in only one direction: CW.
Despite these differences, flagellotropic phages
such as Myophage 7-7-1 exploit these rotating
flagella to efficiently infect this Agrobacterium. In-
stead of a long, kinky x-style tail fiber, 7-7-1"s tail
ends with ten short (16 nm) fibers—a different
style ‘nut’ for this different flagellar “bolt.”

No escape

Reflect for a moment on the plight of the E. coli
that, at the start of this story, was swimming
through a phage-infested milieu. The churning of
the flagellar propellers may create a vortex draw-
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ing the phage close. Every forward run may be
whisking a phage or two directly to the cell sur-
face, poised to launch an infection. Phage-resistant
mutants can be readily isolated in the lab, but they
usually lack full-length, functional flagella—a de-
fense with too high a fitness cost to be maintained
in the real world. Thus these phages seem to have
a free ride to their host cells. However, arriving at
the door is only the first step. The Bacteria can still
block adsorption or interfere with phage replica-
tion at any of a number of later steps—until some
shrewd phage counters their move and regains
the advantage.
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Caulobacter Phage ¢CbK

a Myophage that lassos a rotating flagellum with its long head filament

L

Genome

dsDNA; linear
215,710 bp

338 predicted ORFs; 26 RNAs

Encapsidation method
Packaging; T =7 capsid

Common host
Caulobacter crescentus

Habitat
Oligotrophic aquatic environments
Lifestyle
Lytic
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Caulobacter Phage ¢CbK
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Caulobacter Phage ¢CbK continued
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Using Your Head

Merry Youle

Mise-en-Scene: Microbes can acquire temporary immunity to a phage by not expressing the phage receptor under
some conditions or during some stages in their life cycle. Undaunted, some phages make do with efficiently prey-
ing on the susceptible members of the population. Such is the case with flagellotropic phages that infect the motile
swarmer cells of Caulobacter crescentus. An alternative coping strategy, related in another story, is for the phage

to rapidly modify its receptor specificity (see page 2-13).

Note: Some of the research related in this story was performed using phage ¢Cb13, a Caulobacter phage that, like ¢CbK,
possesses a head filament. For simplicity, the story refers only to ¢pCbK.

The life cycle of Caulobacter crescentus offers a fleet-
ing opportunity for an adept phage hunter. This
protean bacterium alternates between two forms:
stalked cells that attach to a surface and motile
swarmer cells. The swarmer cells have a single
flagellum and several pili located at one pole—
structures that the stalked cells eschew. Both of
these structures on other Bacteria are exploited by
phages as their entryway. For example, pili serve
as receptors for the filamentous Ff phages of E. coli
(see page 7-17); flagella are the site of initial adsorp-
tion for numerous phages, including phage x (see
page 2-19). These flagellotropic phages are readily
spotted under the EM by the telltale kinks or curls
in their tail fibers—evidence that they are adapted
to wrap around a rotating flagellum as the first
step in a successful attack.

A headfirst approach

There is one group of flagellotropic phages that
does not abide by the normal protocol. These are
the C. crescentus Myophages ¢pCb13, ¢pCbK, and
their kin. They don’t seem to know their head
from their tail. Unique among all known phages,
they have a flexible filament extending ~200 nm
from their heads, from the ‘top” vertex opposite
the tail to be precise (Leonard et al. 1972). It is this
filament that these phages wrap around the bac-
terium’s rotating flagellum (Guerrero-Ferreira et
al. 2011). The wrapped filament forms a ‘nut’ that
threads along the surface grooves of the rotating
flagellar ‘bolt.” Depending on the direction of rota-
tion, the phage nut is spun headfirst toward the
cell surface or in the opposite direction.

Tail-first adsorption

The phage still needs to bring its tail fiber into con-
tact with its specific receptors—the pilus portals
located at the cell pole near the base of the flagel-
lum. Phage $pCbK’s method is to make strategic
use of the host’s swimming mode. These swarmer
cells switch the direction of rotation of their flagel-
lum approximately every five seconds. CW rota-
tion pushes the cell forward with the flagellum at
the stern; CCW propels the cell backwards with
the flagellum in the lead (Ely et al. 1986). Picture
¢CbK swinging from a flagellum by its head fila-
ment. As the flagellum rotates CCW, the phage
spins along the flagellum toward the cell pole. At
the same time, the cell is moving, flagellum first,
through the water. Resistance from the water
sweeps the dangling phage tail towards the cell,
putting the tail fiber in close proximity to the pi-
lus portals. When contact is made, irreversible ad-
sorption follows. An infection has begun.

The flagellar benefit

¢CbK can infect only the motile swarmer stage of
C. crescentus because the pilus portals that are es-
sential for infection are not present in the stalked
cells. The flagellum, on the other hand, is not in-
dispensable for infection. Rather it serves to in-
crease the probability of the phage tail contact-
ing the actual receptors on this moving target. If,
through mutation, C. crescentus loses the ability to
construct or rotate its flagellum, phage adsorption
efficiency drops two- to three-fold (Guerrero-Fer-
reira et al. 2011). In the competitive environment,
that makes a huge difference to the phage.
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An odd filament

All ¢CbK-like phages have head filaments—a
unique hallmark of the group. Likely those fila-
ments are built from one protein, gp263, formerly
known as gp76 (Gill et al. 2012), that has also been
found only in these phages and is unrelated to any
known proteins. Could gp263 do the job? These

- ~
| HILOPACTER. NG

Life in Our Phage World

filaments must be flexible; the high glycine con-
tent (21%) of this large protein (2,799 amino acids)
indicates a very flexible structure. These filaments
must recognize and adhere to cells; gp263 contains
a carbohydrate-binding domain that could serve
this purpose. Genes involved in virion morpho-
genesis are often clustered in the genome; gene 263
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resides in that genomic neighborhood. So gp263 is
the favored candidate, but direct confirmation of
its role is yet to come.

At this point, not enough is known about these

odd filaments to make heads or tails of them. How
does a capsid assemble two unique vertices that

Cited references
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are poles apart? So far there are no clues as to how
the filament assembles or attaches to the capsid.
One wonders if it might be an over-grown decora-
tion protein or perhaps a modified tail fiber, but
no sequence homology to either is evident. Surely
there is a novel story here to be uncovered by a
researcher who uses their head.
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Enterobacteria Phage RB51

a Myophage that ambushes Bacteria in the mucus layers of metazoans

Genome

dsDNA; linear

168,394 bp

274 predicted ORFs; 9 RNAs

Encapsidation method
Packaging; T =13 capsid

Common host
Escherichia coli
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Enterobacteria Phage RB51

2,000 4,000 6,000 8,000 10,000 12,000 14,000
| | | | | |

rIIA, membrane (POGs 0387,1974) goF, RNA metabolism X dda, helicase (POG0377) mrh, tc. modulator

39, topoisomerase (POG0382)!  motB, tc. modifier (POG0391)!  motB.2 |srd, anti-sigma (POGs 1380 & 2446) |modA.3' mrh.1

rTIA.1 (POG1975)!  RB320RFoos5¢ (POG0389)! | | | dexA, exonuclease (POG0g82)! | | modB, ADP ribosylase (POG0393) |

39.1 (POG0388)! RB51ncORFo1oc! RB14ncORFo17¢ | modA.2 (POG0394)

RB51ncORFoogc! dexA.2! modA, ADP ribosylase! srh, te. modulator
39.2 (POG0390) dexA.1! dda.1 (POG2190)! modA.4!
cef, suppressor tRNA mod. (POG0301)
RB320RFo30w

16,000 L 18,?00 20,?00 22,(;00 24,(|100 26,?00 28,;700 30,000|

V

61, primase (POG0084) 41, helicase (POG0025) imm.1 (POGs 0406 & 0407) 43, DNA polymerase (POG0359)

56, dCTP pyrophosphatase (POG0397) 61.4! uvsX, recombinase (POG0097) RB51ncORF048¢ 44, clamp loader SSU (POG0996)
mrh.1]  RB320RFo33c (POG0399)! RB320RFo41c (POG0403) | 62, clamp loader SSU (POG0408)!
mrh.2 sp, periplasmic (POG0400) |imm, superinfection imm. (POG0405) regA, tl. repressor (POG1681)!
soc, outer capsid (POG1981)! | 42, dCMP hydroxymethylase (POG0092)! | RB320RF047¢ (POG2191)!

dmd, mRNA degradation (POG2441) 42.1 (POG0404)

61.1 (POG0398)! 40, head vertex assembly (POG0402)

RB320RFo54w (POGs 1526,0430)

32/000 34,000 36,000 38,000 40,000 42,000 44,000
| | | | |

—

46, endonuclease (POG0083) a-gt, glucosyltransferase (POGo412) 55.2 (POG1687) 55.6 nrdD, NTP reductase (POG0420)
44, clamp loader SSU (POG0996)' 47, endonuclease (POG0082)! 55, sigma factor (P0OG1006)! | 55.8 (POG0418)!
45, sliding clamp (POG0409)!  ORF1 (POGs 4302 & 0753)! |47.1 (POG1930) a-gt.4 (POGo710)! | nrdH, glutaredoxin (POGo161)! |
rpbA, RNAP-binding! 46.2! a-gt.2 (POGo413)! | 55.5 (POG1499)' 49, recomb. endonuclease (POG1000)
45.2 (POG1683) 46.1! RB51ncORFo71c (POG0415) |  55.4
a-gt.5 (POG1684)!  55.3 (POG1983)!
a-gt.3 (POG0414)! |RB320RF074¢ (POG1985)

nrdG, NTP reductase (POG0419)
RB51ncORFo79¢ (POG0417)!
55.1 (P0G0416)!

46,000 48,000 50,000 52,000 54,000 56,000 58,000 60,000
| | | | | | |

49.2 (POG0o422). nrdC.2, nrdC.3 nrdC.5 (POGo427)) nrdC.8 (POG0429) nrdC.11 (POG0431) tk, thymidine kinase (POG1030)
491 nrdca™_ )\ nrdC.4 (POG0426))  nrdC.6 (POG1987) nrdC.9 nrdC.10! mobD.1 (POGo432)! | | | rL.1(POG1775)!
pin, protease inhibitor (POG0421)! nrdC.7 (POG0428) RB320RFog7c! rL.-1 (POGo375)!
nrdC, thioredoxin (POG0161)! RB320RF093c, endonuclease (POG0430)!  RB320RFog6¢ (POG0371)! mobD.4! tk.2 (POG0434)
RB320RF081c (POG0423)! mobD.3! RB320RF110¢
49, recomb. endonuclease (POG1000) r1, lysis inhibition reg. (POG0433)'
RB320RFo82c! | mobD.5!
mobD.2a!
mobD.2 (POG1989)!

62,000 64,000 66,000 68,000 70,000 72,000 74,000
| | | | |

vs.1 (POG1454)1~_ e.5 (POG0446)" e.8 (POG1994) RB510RF142 (POG0430)' | | 1, ANMP kinase (POG0020)

tk.4™ regB, RNase e, lysozyme (POG0225) .6 (POG0447)) RB320RF132¢!  tRNA-Ser! | 57B (POG0450)!
tk.3 (POG2423)! vs.6 (POG0440) e.2 (POG0444) e.q4! RB320RF130¢!  RB5incORFi41c! | | |tRNA—G1y tRNA.3!
RB320RF111c (POG0435)! | denV, endonuclease (POG0269) .3 (POG0445) tRNA.2 (POG0449)' Ips
RB320RF1100' vs.4 (POG0438)I | nudE, hydrolaseI tRNA—T?/r' tRNA-Leu! tRNA.4
vs, tRNA synthetase mod. (POG2422) tRNA-Arg | tRNA-GIn
vs.7 (POG0441) tRNA-Thr 57A, tail fiber chaperone
vs.3 (POGO437)I tRNA-Tle!
vs.5 (POG0439) tRNA-Asn!

.
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15.1 (POG0374) 111, BP wedge & tail pin (POG0457)
53, baseplate wedge (POG0|452) 16, baseplate wedge (POG0229) 19, BP wedge/TF connector (POG1804)

5.4 (POG0238) 8, baseplate wedge (POG0455)
10, BP wedge & tail pin (POG0456)

5, BP hub & tail lysozyme 7, baseplate wedge (POG0454)

76,000
|

84,000 86,000
|

2, DNA end guard (POGs 1802,1010)
1, ANMP kinase (POGoozo)‘

3, tail & sheath (POG1038)!

4, head completion (POG0451)

67, prohead core (POG0463)
| 168, prohead core (POG0464)

116, terminase SSU (POG1039) 21, scaffolding protease (POG0351)
11, BP wedge & tail pin (POG0457) 115, tail (POG0462) l 22, prohead core (POG0465)
ywag, fibritin (POG0459) 114, neck (POG0461) 17, terminase LSU (POGo0252) 119, tail tube (POG1005) 23, major capsid (POG0446)

12, short tail fibers (POG0458) 13, neck (POG0460)

18, tail sheath (POG0356) 20, portal vertex (POG1001)

28, baseplate hub (POG0475)

\54, baseplate (POG0478)

51, baseplate hub assembly 148, baseplate (POG0477)
27, baseplate hub (POG0474)\_

29, baseplate hub (POG0476)

124, capsid vertex (POG0467) JuvsW.1
23, major capsid (POG0446) uvsW, helicase (POG0081)

112,000

108,000 110,000 116,000
|

114,000 118,000
| |

hoc, outer capsid (POG0470)
rnlB, RNA ligase (POG0676)!
inh, protease inhibitor (POG0471)

26, baseplate hub (POG0997)
uvsY, recomb. repair (POG0473)!
uvsY.-2 (POG1821)

24.2 (POG0468)! 25, baseplate wedge (POG0076)
24.3 (POG0469) uvsY.-1!
54, baseplate (POG0478)
122,|000 124,|000 126,|000 128,|000 130,000 132,000

134,000
|

alt.-3 (POG0479) alt, ribosyltransferase (POG0480) 30.2 (POG0481)' 30.4 cd, dCMP deaminase (POG0050) seT, PNK (POG0243)
alt, ribosyltransferase (POGo480)I 30, DNA ligase (POG0018)I 30.7 (POG0483) | 311 (POG1831)I | T cd.3'
alt.1! 30.1 31, head assembly (POG1829)I 312 cd.2! cd.5
30.8 (POG0484)I cd.4 (POG2001)I
30.6 (POG1999)! 30.9 cd.1 (POG0487)!
11l lysis inhibition (POG0485) RB320RF217¢ (POG0490)
30.3 (P0G0482)!
30.5 (POG2195)

34, long tail fiber (POG0500)

136,000 138,000 140,000 142,000 144,000 146,000
| | | |

pseT.1 nrdB, aerobic RNR (POG0089) nrdA, RNR (POG0088) frd, DHFR (POG0496) 32, ssDNA-binding (POG0499)' rnh, RNase (POG0028)

rnlA, RNA ligase (POG0492) td, dTMP synthase (P0G0092)I RB51ncORF237cI 59, helicase loading (POG1860)I
alc, host te. inhibitor (POG0491) nrdA.1 (POG0494)I RB320RF2290I frd.1 (POG2198) frd.2! 3
denA, endonuclease (POG0493) nrdA.2 (POG0495)I | dsbA, dsDNA-binding (POG1414)
pseT.2 (POG1836)I RB51ncORF239¢ (POG0498) frd.3I
pseT.3, membrane protein RB51ncORF236¢ (POG2197)I
RB320RF217¢ (POG0490)

Continued next page



2-34 Life in Our Phage World
_v

Enterobacteria Phage RB51 continued

136, LTF connect. (POGs 0502,0503)
35, LTF connector (POG2006) 1t, holin (POGo0505)
37, long tail fiber (POG0504) 38 (POG2450)

156,000
|

34, long tail fiber (POG0500)

152,000 154,000
| |

158,000
|

160,000 162,000 164,000
| |

arn, anti-restriction 52, topoisomerase (POG0384)
MOotA, te activator (POGs 0508,0509) | 52.1
arn.3 (P0G0507)I | stp, host nuclease activator
asiA, anti-sigma factor | arn.2 ndd, nucleoid disruption (POG0510)
asiA.1 ac, acridine resistance (POG2200)!
arn.4 (P0G2009)!
motA.1, periplasmic protein
RB320RF249c (POG1867)!
166,|ooo 168,|000
rIIB, membrane integrity (POG1338)
denB, endonuclease IV (POG2012)
ndd, nucleoid disruption (POG0510)
RB51ncORF272¢ (POG0512)| \\
ndd.1, outer membrane (POGo511)
ndd.2a
denB.1 (POG0686)
ndd.4, inner membrane (POG2011)
ndd.5'
ndd.2, periplasmic protein
On the Prowl Entry Takeover Replication ~ Replication Assembly Escape Transfer Non-coding Multiple Unknown

Lytic Lysogenic RNA RNA
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Caution! Phage Ambush Ahead!

Merry Youle

Mise-en-Scene: Although phages are non-motile, they have strategies for positioning themselves to ambush prey in
favorable locations such as the Bacteria-rich metazoan mucus layers. The continual sloughing of mucus that protects
the epithelium from invading pathogens also quickly casts off many phages. Despite the challenges, some phages have
adapted to exploit this opportunity by both adhering to and diffusing into the mucus.

Note: Much of the research related in this story was performed using phage T4, but T4-like RB51 possesses a similar Hoc protein

with 90% amino acid identity to T4's Hoc.

Ceteris paribus, the more prey, the better the hunt-
ing. But can phages hunt? Granted, their virions
are not equipped for locomotion, and they don’t
actively stalk their prey. But they do hang out and
wait where Bacteria congregate—the proven tac-
tic of the ambush predator. And what better place
for an ambush than the Bacteria-rich mucosal sur-
faces of animals? Despite the protective mucus,
such surfaces are inherently vulnerable to bacte-
rial infection because they must be thin and per-
meable to carry out their physiological functions
(e.g., food adsorption in the gut, gas exchange in
the lung). The T4-like phages, among many oth-
ers, exploit this opportunity and turn the viscous
mucus into a killing field.

The opportunity

Bacteria find mucus hospitable and congregate
there in greater abundance than in the surround-
ing milieu (Barr et al. 2013). Mucus offers them
glycans to eat, a structured environment, and for
the motile pathogens among them, proximity to
the underlying epithelial cells. Where abundant
prey graze, predators abound. There is also an
unusually large number of phages here. Whereas
in most environments phage virions outnumber
Bacteria by roughly ten-to-one, in these mucus lay-
ers that ratio increases to more than forty-to-one
(Barr et al. 2013). More virions mean a bacterium
is more likely to encounter one—typically about
14 times more likely than if it traversed the same
distance but avoided the mucus (J. Barr, personal
communication). Fortunately for the phages, day
after day, the congenial mucus lures Bacteria into
their ambush.

Maintaining your ambush position

Successful establishment of an ambush position in
the mucus is not simple for a phage. At first glance,
it might seem sufficient for a virion to adhere to the
outermost layer of mucus and wait for an incoming
bacterium to pass by. That tactic would not work
because the surface layer is transitory. The under-
lying epithelium continually secretes mucus. The
new mucus pushes the existing overlying layers
upward and prompts the outermost zone to slough
off. While this mucus conveyor belt evicts invad-
ing pathogens, it also indiscriminately sloughs any
phage virions stuck to the outer mucus.

One way to counter this flux is for the phage to dif-
fuse deeper into the mucus faster than the mucus
is flowing outward. The sticky molecular network
of the mucus dissuades most invaders. However,
phage virions are small enough to pass through
the glycoprotein mesh that makes mucus viscous.
The sticky mucus also uses hydrophobic bonds
to protect the epithelium from bits of passing de-
bris, but these virions evade that trap by having a
dense array of charged amino acid groups on their
surface (Cone 2009).

What's needed is just the right amount of stick-
to-it-iveness. If a phage virion adheres too weakly
to the mucus, it won't stick around long enough
to set up an ambush. If it adheres too strongly, it
won't diffuse inward from the surface fast enough
to avoid eviction by the mucus conveyor belt. The
phage whose virion adheres just right will hunt
slightly longer in the prey-rich mucus and still
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sometimes diffuse slowly inward to a more en-
during position.

How to cling to mucins

To adhere to mucus requires adherence to its main
macromolecular components, the mucins. These
are giant glycoproteins up to 10°-10° kDa that re-
semble a ‘bottle brush’ in structure. The central
rod of the brush is formed by a long, wormlike
polypeptide chain composed of hydrophobic re-
gions that alternate with domains rich in serine

4

VIRIONS INFELTING
INCOMING BALTERUM

and threonine residues. The numerous serines
and threonines bear O-linked glycan chains that
extend outward up to 5 nm to form the ‘brush
bristles” that are the likely sites for phage binding.

How might an inert virion hold onto a glycan?
In the cellular world, cells often use proteins to
recognize and adhere to glycans or other specific
carbohydrates on the surface of other cells. Some
of these binding proteins employ immunoglob-
ulin-like (Ig-like) domains for these specific gly-
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can-binding duties. Phages, too, encode proteins
with Ig-like domains. Of the tailed phages whose
genomes have been sequenced, ~25% encode Ig-
like domains, all of which are located in structural
proteins and thus are likely to be exposed on the
surface of the virion (Fraser et al. 2006). Those
exhibited on the tail might bind to host surface
polysaccharides to assist with phage adsorption,
but those displayed on the capsid, such as the Hoc
(Highly antigenic Outer Capsid) protein, likely
serve some other purpose.

In phage T4 and T4-like phages (e.g., phage RB51)
155 copies of Hoc are bound to specific locations
on each capsid as a decoration protein (Fokine
et al. 2011). Each copy contains one domain that
adheres to the capsid and three immunoglobulin-
like (Ig-like) domains that together form a short
rod projecting out from the capsid surface (Sath-
aliyawala et al. 2010). Hoc’s function was difficult
to determine since none of these phages need it
in order to replicate under lab conditions. Outside
the lab, Hoc makes itself useful, particularly for
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phage communities hunting near mucosal surfac-
es (Barr et al. 2013). By weakly binding glycans in
the mucus, Hoc slows diffusion of these phage vi-
rions just enough to keep them in the mucus layer
while they prepare their ambush (Barr et al. 2013).

These clingy phages face another difficulty. Mu-
cus contains several different mucins, each bear-
ing many different glycans. Moreover, mucin
glycosylation patterns differ from one metazoan
species to another and from one mucosal surface
to another within each animal. For even more va-
riety, when challenged by a microbial infection,
the epithelium changes its current pattern to con-
found the pathogens (Linden et al. 2008). Key to
phage success here is to strike a balance between
specificity and promiscuity in glycan binding. Bet-
ter to bind weakly to a variety of mammalian gly-
cans, rather than strongly to any particular one.
This is indeed Hoc’s modus operandi. The phages
also have a way to specifically adapt glycan-bind-
ing proteins like Hoc to accommodate different
glycans. Like cellular life, phages have found both
C-lectin folds and Ig-like domains to be useful
structures for embodying this variability. To intro-
duce the variation, phages in the mucus-associat-
ed environment of the human gut are equipped
with a mechanism for targeted mutagenesis (see
page 2-13) that might specifically alter the binding
sites (Minot et al. 2012).

Cited references
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Penetrating deeper

If a phage could navigate to a position deeper
within the mucus layer, it could stick around lon-
ger to exploit the plentiful Bacteria foraging there.
Indeed, a phage can do that by hitching a ride in-
side a moving bacterium. While replicating inside
a motile host, a lytic phage can traverse consider-
able distance since the host will continue to swim
normally until the moment of lysis (see page 7-5).
If the bacterium travels farther into the mucus
layer, then when the progeny virions are released
they will start their hunt in an advantageous loca-
tion. Temperate phages that travel as prophages
can fare even better. If their bacterial host is a com-
mensal that resides closer to the epithelium, the
prophage has a perpetual home in a good locale.

Collateral benefits to the metazoan

Lytic phages are in the business of killing Bacte-
ria. Acting in their own self-interest, some have
perfected the art of the ambush to prey upon the
bacterial multitude congregating on mucosal sur-
faces. So doing, they also pay back the metazoan
that supplied the mucus by protecting its vulnera-
ble mucosal surfaces from bacterial invasion. Like
all metazoans, we are holobionts that rely on our
bacterial, archaeal, and phage partners. Long live
the holobiont!
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March from the Sea: A Brief History of Environmental
Phage Ecology from Marine to Human Ecosystems

Ben Knowles?

Abstract: Underlying the functioning of every ecosystem is a riotous carnival of phages, long overlooked because
we could not detect them. Powered by the methodological advances in recent decades, environmental phage ecology
marched from obscure neglect to mainstream science. With each new set of observations came yet another set of ques-
tions that then drove the next round of exploration. Initially this played out mainly in the more tractable marine
ecosystem, the site of significant advances in various aspects of phage ecology: phage abundances in the 1980s and
1990s, lytic and lysogenic dynamics in the 1990s, phage-host networks and metabolic functionality in the 2000s.
Here was laid the foundational knowledge demonstrating phage importance to diverse aspects of life ranging from
biogeochemistry to community metabolism and host evolution. The heavy marine bias of our knowledge is giving way
now as phage researchers explore other, less salty environments. One such environment is the human body, with its
individual phage populations in numerous unique micro-environments. Viewing human health from the perspective
of phage ecology promises to have profound impacts on our understanding of disease and treatment. Overall, the his-
tory of phage ecology convinced many that invisibility does not mean insignificance, and that our understanding of

our world is still wonderfully incomplete.

*Department of Biology, San Diego State University, San Diego, CA

Email: benjaminwilliamknowles@gmail.com

You won't find what you’ve never seen

It seems strange to us now, with our current
conception of the ocean as a bustling metropolis
swarming with microbes and viruses and protists
(and the occasional whale), but until recently the
ocean was viewed as a sparsely populated desert.
This perception came from the work of pioneer-
ing environmental microbiologists who conclud-
ed there were very low numbers of microbes in
the sea based on what they could grow in the lab.
That they saw anything at all is amazing. From
its foundation, environmental microbiology was
hindered by the necessity for researchers to in-
vent basic techniques from scratch. For example,
in the 1940s researchers had to resort to develop-
ing their own culture media in order to study or
count microbes. However, while culture-based
approaches have allowed researchers to domesti-
cate and study environmental microbes in the lab
for almost a century, using counts of cultured mi-
crobes to assess microbial abundance in the ocean
suffers profoundly from the fact that only a tiny
fraction (approximately 1%) could be cultured
with contemporary methods. As a result of this
unrecognized bias, now known as the Great Plate

Count Anomaly, researchers radically underesti-
mated marine microbial abundance for most of
the last century.

In science, direct measurements should trump in-
direct estimates. However the perception of vacant
oceans was so thoroughly entrenched between the
1940s and 1970s that direct microscopy evidence
contradicting indirect culture-based enumerations
was discounted (Jannasch, Jones 1959). Unfortu-
nately for phage biology, this seeming dearth of
microbes in the sea led researchers to conclude
that marine phage could not possibly be ecologi-
cally significant as there were not enough prey to
support them—a view formally codified by the
father of marine microbiology, Claude ZoBell, in
his defining 1946 textbook (ZoBell 1946). Locked
within this paradigm, environmental phage ecol-
ogy was relegated for several more decades to lab-
based studies of only some phages that could be
cultured (see the work of Moebus below).

Advances with isolates

Although today we would not call it environmental
phage biology due to its dependence on lab-based
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Figure 1. The microbes (large objects) and virus-like particles (dots) found in 1/8th of a microliter of seawater from the
coral reef at Guam. Genomic content was stained using Sybr Gold (Noble, Fuhrman 1998) and imaged at ~800X magnifi-

cation. Credit: Ben Knowles.

microbial and phage domestication, important
work was conducted between the 1940s and 1980s
on phage-host pairs from diverse environments
using culture-based approaches. For example, the
Pseudoalteromonas phage PM2 was isolated and
cultured from seawater off the Chilean coast in
the late 1960s and was the subject of hundreds of
publications (Mannisto et al. 1999). Studies using
phage and bacterial isolates from aquatic systems
provided insights into ecological questions such
as the effects of phage infection on host virulence
(Barksdale, Pappenheimer 1954), impact of tem-
perature on phage adsorption (Seeley, Primrose
1980), specificity of phage host selection (Markel,
Fowler, Eklund 1975), and community composi-
tion of polluted waters (Tartera, Jofre 1987). Simi-
lar questions were investigated in soil (Crosse,

Hingorani 1958; Kowalski et al. 1974) and even
in the leaves of apple trees (Ritchie, Klos 1977).
Answers gained during this period would allow
researchers to better understand what they were
observing when phage ecology became truly envi-
ronmental in the 1980s.

Discoveries by epifluorescence

Despite these culture-based advances, the field
yearned for a means to scrutinize phage and mi-
crobes in their natural environment. That revo-
lutionary advance arrived in the late 1970s with
the advent of an epifluorescence microscopy tech-
nique that allowed researchers to directly count
microbes in seawater (Hobbie, Daley, Jasper 1977).
Everything changed: there were microbes every-
where and in massive abundances, approximately



Chapter 2: On the Prow!
_v

10° microbes per ml throughout the oceans (re-
viewed in [Wommack, Colwell 2000; Suttle 2007]).
The prevailing worldview was proven to be radi-
cally inaccurate.

Although this brought marine microbes to the at-
tention of the scientific community, phage were
unable to claim their place in the emerging micro-
bial paradigm in the 1980s because phage virions
and phage genomes were too small to be detect-
ed using contemporary visualization techniques.
However, given the immense numbers of mi-
crobes just discovered, the indications were strong
that there must also be abundant phage preying
on them. Given this reasonable expectation, the
hunt was on over the next decade for a method to
accurately quantify phage in natural waters.

At first things did not seem promising when ini-
tial direct counts yielded only 10* viruses per ml
in the ocean (Torrella, Morita 1979), 100 times less
than the abundance of their hosts. Perhaps ZoBell
was right after all. Environmental phage ecology
limped out of the 1970s in obscurity. It took anoth-
er decade before reliable counts by @ivind Bergh
and colleagues, published in a 1989 paper with
the understated title of High Abundance of Viruses
found in Aquatic Environments, reported 10° viruses
per ml of seawater (Bergh et al. 1989). Using epi-
fluorescence microscopy techniques refined by
Jed Fuhrman and Rachel Noble in 1998, it is now
possible to rapidly count the viruses accurately
and robustly in environmental samples without
the need for laborious electron microscopy work
(Fig. 1, [Noble, Fuhrman 1998]). Counts conduct-
ed with this approach, used in myriad studies all
over the world, have revealed that phages are the
most abundant organisms on the planet identified
to date. Ocean surveys have shown average viral
abundances of approximately 107 per ml in the
ocean; thus marine phages outnumber their hosts
by a factor of ten. Although this is fairly well ac-
cepted, there is no consensus as to why this ratio
occurs, or why microbial and phage abundances
in the ocean tend to be magically consistent, vary-
ing by only an order of magnitude or so across
very different conditions.
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Rediscovering How to Count
Environmental Phage

A year in the lab will save you a day
in the library, as the saying goes. This
is wonderfully exemplified in the de-
cade-long search between 1977 (Hobbie,
Daley, Jasper 1977) and 1989 (Bergh et
al. 1989) for a robust way to count viral
abundances in the aquatic environment.
In 1989 Bergh and colleagues published
what they thought was a new tech-
nique —concentrating virions by ultra-
centrifugation and then counting them
by transmission electron microscopy.
Actually, Norman Anderson (Anderson
et al. 1967) had developed that meth-
odology approximately two decades
earlier, but he had published outside
the purview of environmental phage bi-
ologists in a book about viral impacts on
drinking water. Marine researchers only
became aware of his work when he was
invited by Curtis Suttle to the American
Society for Limnology and Oceanogra-
phy conference in the early 2000s where
they spoke with him in person.

By the end of the 1980s it was clear that the ocean
is nothing like a desert.! An average ml of seawa-
ter contains the population of urban Rio de Janeiro
in phage alone, not to mention thousands of pro-
tists and millions of bacteria and other microbes.
And in that average ml of seawater these organ-
isms are moving around, scavenging particles,
photosynthesizing, reproducing, eating each oth-
er while trying to avoid being eaten, with many
dying every day. Every ml of seawater is a riotous
Carnival. No one would consider Rio de Janeiro a
desert, and yet the perception of the open ocean

! This is a metaphorical desert. Even real deserts are not
deserted, and bear little actual resemblance to meta-
phorical deserts. This reflects the main point of this
section: life is more pervasive than we imagine it to be,
figuratively or scientifically.
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as such has been difficult to dispel from popular
and scientific mindsets and is still taught in some
universities today, perhaps due to the difficulty of
comprehending such riotous activity in a minus-
cule world we cannot directly perceive.

Massive bacteriocide by rapacious phages

Oceanographic work throughout the early and
mid-1980s showed that while protists kill a large
proportion of bacteria on a daily basis, a compara-
ble amount of bacterial mortality remained unac-
counted for. This was one of the deeper mysteries
in marine science for over a decade. Phage were
not considered credible suspects in this killing un-
til it was shown how supremely abundant they
are in the sea. At that point, researchers turned
to oceanographic radiolabeled uptake techniques
developed in microbial ecology to ask whether
phage could be the unknown agents in this mas-
sive daily bacteriocide. They then rapidly showed
that not only do phage kill as many Bacteria as
do grazing protists in some locations (Fuhrman,
Noble 1995), thereby causing a decline in bacterial
productivity (Suttle, Chan, Cottrell 1990), but they
can also infect up to 70% of the bacterial commu-
nity (Proctor, Fuhrman 1990), and kill up to ~50%
of Bacteria daily at some sites (Jiang, Paul 1994).
That amounts to over 500,000 phage-mediated
bacteriocidal events per ml per day and equates
to approximately 10 viral infection events per
second in the global ocean, lytic and lysogenic in-
fections combined (Suttle 2007). Viral infection is
surely the most frequently occurring interaction
between organisms on the planet. Given an esti-
mated 10 phage in the ocean, one phage in every
hundred thousand is actively infecting a host ev-
ery minute. Busy.

Further, radiotracer research in the early 1990s
turned up something unexpected: the absence of
phages was sometimes associated with large re-
ductions in microbial productivity (reviewed in
[Wilhelm, Suttle 1999]). It makes intuitive sense
that phage-induced reductions of bacterial produc-
tivity arise via lysis of significant portions of the
host community, but phage bacteriocide leading
to increased bacterial production did not. And yet
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the observation was widespread in empirical and
modeled data from a number of research groups
around the world. It was quickly suggested by
researchers such as Frede Thingstad and Farooq
Azam (who had described the microbial loop a de-
cade earlier [Azam et al. 1983]), that this enhanced
productivity was fueled by the cellular debris and
metabolites liberated by host lysis—a process la-
beled the viral shunt by Steven Wilhelm and Curtis
Suttle in 1999 after almost a decade of conjecture
and the gathering of evidence.

The viral shunt model has far ranging implications
for ecosystem function (reviewed in [Suttle 2007;
Weitz, Wilhelm 2012]). According to this model,
bacterial lysis liberates organic carbon and other
nutrients (e.g., nucleotides, amino acids) that are
immediately recycled through the microbial com-
munity instead of being devoured as intact cells
by protists that are, in turn, eaten by larger or-
ganisms. Released nutrients that are not readily
assimilated into microbial metabolism such as re-
fractory dissolved organic carbon are lost from the
productive surface waters, falling as marine snow
to deep ocean communities.

The price of success

In 2000, Frede Thingstad published the “kill-the-
winner” hypothesis that modeled the effects of
specialist phage predation and generalist protis-
tan bactivory on bacterial communities (Thingstad
2000). He described predation by phages as scaling
with the abundance of their specific prey accord-
ing to an idealized Lotka-Volterra model. In con-
trast, generalist protistan predators were consid-
ered to consume all prey as they encounter them.
In the model, microbial species that become com-
mon (the ‘winners’) face ever-increasing phage
predation pressure as they become more numer-
ous. Likewise protistan predation also grows as
the increasing abundance of a prey species brings
higher encounter rates. Thus, abundant species
face compounded protistan and phage predation,
while rare species are in low-density numerical
refugia. However, the specificity of phage pre-
dation combined with the rapid increase of the
phage population on the heels of the increase in
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their specific prey leads ultimately to a collapse
of the prey population, quickly followed by the
marked decline in the phage predators dependent
on them. This rise and fall does not perturb the
protist population that simply transitions to con-
suming the new dominant microbe.

This constant turnover of dominant species im-
plied in the kill-the-winner model leads to in-
creased diversity of microbial communities by
promoting increased evenness among prey pop-
ulations and by intermittent periodic predatory
pressure on individual species. The ability of the
kill-the-winner hypothesis to elegantly explain
phenomena such as the commonly observed 10:1
virus:microbe ratio and bacteria-phage coevo-
lutionary diversification led to its adoption by
phage ecologists. However, confirmation of this
hypothesis awaited the advent of metagenomics.
It is now known that while the overarching oscil-
lations in dominant and rare microbial organisms
suggested by kill-the-winner occur, this cycling
occurs at the strain level, rather than at the level
of species as originally envisioned in the model
(Rodriguez-Brito et al. 2010). Thus there can be
constant diversity in an environment at the spe-
cies level while the strain composition of those
species cycles as evolving phage predation tac-
tics are countered by ongoing innovations in host
resistance mechanisms. The kill-the-winner hy-
pothesis ultimately helps clarify the key tradeoff
of microbial life: how to maximize reproduction
by balancing competitive acquisition of resources
and defense against infection (discussed further
in [Thingstad et al. 2014]). Being a successful bac-
terium is not a secure occupation.

Phage lysogeny and transduction

When the massive magnitude and impact of phage
predation were established at the birth of phage
ecology in the early 1990s, predation became
fixed —probably erroneously —in our minds as the
dominant role of phage. Phage became the killers
of the sea akin to their pathogenic viral cousins in
the hospitals. However, research on the less overt
effects of marine phage lysogeny, almost solely by
John Paul and colleagues, formed a counter plot
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to that lytic-centric commentary. In a series of pa-
pers throughout the early and mid-1990s, they re-
ported the results of adding the induction agent
mitomycin C to seawater sampled from a variety
of regions ranging from coral reefs to the open
ocean (reviewed in [Paul et al. 2002]). They found
that ~30% to 50% of the microbes in the ocean are
lysogens (as defined by carrying a prophage that
responds to mitomycin C induction). In some
samples, it looked like all the microbes harbored
at least one inducible prophage. Lysogeny was
particularly high in stable and oligotrophic areas
such as the open ocean and lower in disturbed,
seasonal, and eutrophic areas. This has been borne
out by studies in temperate (Maurice et al. 2010),
but not Antarctic, lakes (Laybourn-Parry, Mar-
shall, Madan 2007). However, high rates of lysoge-
ny observed in soil show that eutrophic conditions
and lysogeny are not mutually exclusive (Ghosh
et al. 2008), and in fact lysogeny may be favored
in soil compared to aquatic environments (Marsh,
Wellington 1994). What determines the prepon-
derance of lytic versus lysogenic activity in an
environmental community? What drives the rela-
tive abundances of lytic versus temperate phages
and what determines the lysogenic/lytic decisions
made by the latter are still very controversial, with
varied results from studies in different systems,
possibly due to the widespread reliance on arti-
fact-prone DNA-damaging induction. Also of im-
port, when Paul and colleagues investigated rates
of transduction (virus-mediated gene exchange)
in marine environments, they estimated that 10"
transduction events occur every year in Tampa
Bay alone (Jiang, Paul 1998a). That extrapolates
to 10%® base pairs of DNA being transferred every
year in the global ocean (Paul et al. 2002).

While the prevalence of lysogeny and transduc-
tion are both high in the marine environment,
demonstrating their effect is very challenging
and lends itself to underestimation. For example,
when researchers study lytic dynamics, there are
abundant phage to count as an outcome to suc-
cessful infection. Lysogenic infection may have no
similarly overt signature, appearing at one level of
observation as if there was no infection at all. This
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Life as a Phage

Life in the cellular landscape: Some phages are
virulent (lytic), some temperate. Although
virulent phage may reside in the host cell for
a time, manipulating host metabolism, their
infection is not sustained. They invade, repli-
cate, and lyse the host, spewing progeny into
the extracellular milieu in a spray of host me-
tabolites and cellular debris. Temperate phages
are more nuanced. Upon infection, they may
either act lytically or postpone lysis. In the lat-
ter case, they maintain as a prophage, usually
integrated in the host chromosome, thus form-
ing a union with the host—a lysogen. This pro-
cess of lysogenic conversion can lead to a gain
of function in the host cell such is observed in
the increase in virulence of Vibrio cholerae when
infected by CTX¢ phage (Waldor, Mekalanos
1996). Ultimately, all temperate infections will
end either in the prophage deciding (canoni-
cally due to DNA damage to the host) to excise
from the host genome, a process called induc-
tion, or in inactivation of the prophage by mu-
tation such that it cannot excise or replicate. If
the host is stressed, when should a prophage
opt to abandon ship and go lytic (canonical in-
duction)? Will there be time to replicate before
the ship goes down? And if so, will the prog-
eny broadcasted to the extracellular milieu find
a fit host? The other option for the prophage is
to cling to the “wreckage’ of the stressed host
and weather the storm because conditions are
not favorable for phage reproduction or find-
ing new hosts. Either option seems intuitively
sound as a strategy, but to date our methods
have relied on stress-induced induction to de-
termine how many Bacteria in an environment
are lysogens, despite the prevalence of the lat-
ter being unknown.

Both lytic and lysogenic phage have the
capacity to transfer genes horizontally between
microbial cells. When a lytic phage genome en-
ters a cell but is, for example, cleaved by the
cell’s patrolling restriction endonucleases (see
page 4-10) its genome fragments can recombine
with the host genome, thus passing genetic ma-
terial to the host by generalized transduction.
For temperate phages, imprecise excision can

lead to the prophage genome picking up some
extra DNA from the adjacent region of the host
chromosome and subsequently delivering that
along with the phage DNA into the next host
cell where those genes can possibly be incor-
porated into the host genome. This form of
phage-mediated horizontal gene transfer is
called specialized transduction.

While prophage replication is limited to
the reproductive rate of their host, i.e., merely
doubling with each host generation, lytic in-
fection by a single phage yields ~20-400 prog-
eny per infectious cycle (Wommack, Colwell
2000). However, lytic phage must then brave
the extracellular milieu while prophage may
retain more secure lodgings within their hosts.
This suggests that phage may simplistically be
placed within the ecological paradigm of r- and
K-selected lineages, with lytic phage demon-
strating more r-selected tradeoffs and temper-
ate phage being more K-selected (Suttle 2007;
Zhang et al. 2011; Keen 2014).

Life in the extracellular milieu: Phage usu-
ally do not remain viable for long outside the
cell, with infectivity decreasing ~1% to 80% per
hour in various environments due to factors
such as the presence of particulate organic ma-
terial, temperature, and most significantly, sun-
light (Wommack, Colwell 2000). Interestingly,
phages retain infectivity longer in their native
environments compared to exotic ones (Wom-
mack, Colwell 2000). The ultimate challenge of
life in the milieu is finding a host. Phage are
thought to encounter hosts by chance as a result
of random Brownian motion, although other
factors may be involved in environments such
as the mucus layer protecting metazoan epi-
thelial surfaces (Barr et al. 2013). Thus, phage
predation is sensitive to the concentration of
suitable hosts present. Robin Wilcox and Jed
Fuhrman found that when seawater was di-
luted by a factor of approximately twenty, lytic
activity was halted (Wilcox, Fuhrman 1994),
presumably because phage degraded before
encountering a host. Residence in the milieu is
arace to find a host before exposure sets in. It is
not easy being a phage.
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makes phage success hard to assess and define.
This decoupling between infection and observable
effect (i.e., host lysis) is apparent in that although
lysogeny is rampant in the ocean, spontaneous
lysogen induction accounts for only 0.02% of de-
tectible free phage (Jiang, Paul 1998b). Although
the work of Paul and colleagues allowed us a
glimpse into the world of phage mediated gene
flow and lysogeny, it would take the advent of
metagenomic sequencing a decade later to really
see these processes directly.

Enter the sequencer

In 1999, the Pittsburgh Phage Group led by Roger
Hendrix and Graham Hatfull published a paper
with the oft-quoted subtitle “all the world’s a
phage” (Hendrix et al. 1999). Sequence homolo-
gies observed across a large number of phage ge-
nomes, both lysogenic and lytic, indicated a high
degree of relatedness between disparate phage
groups. Further, they suggested not only that
the tailed phages comprise one lineage, but also
that phage genomes may be mosaic constructs
that over evolutionary time recruit elements from
shared gene pools resulting from host overlap
(see page 5-55). Genes were on the move between
phages that shared hosts. Phage genomes, trans-
mutable through mosaicism and recombination,
reflected a more complex shared evolutionary
past. The power of comparative genomics has
made the field of phage biology more exciting
and, from the perspective of a Darwinian vertical
heritability, stranger than ever.

Inspired to extend the work of the Pittsburgh Phage
Group to environmental phages, the San Diego
Phage Group proudly announced the sequencing
of the 'first' marine phage genome in 2000, that of
Roseophage SIO1, a predator of the Roseobacter ge-
nus (Rohwer et al. 2000). In fact, this was not such
amajor leap forward for the field, as the actual first
marine phage genome and proteome had been
published the year before by Dennis Bamford and
colleagues, that of Pseudoalteromonas phage PM2
(Kivela et al. 1999; Mannisto et al. 1999). Once the
news reached San Diego, Roseophage reluctantly
exchanged its gold medal for bronze. Analysis of
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its genome had revealed evolutionary linkages be-
tween seemingly unrelated phages from different
environments. Clearly environmental boundar-
ies evident to us do not constrain phages or their
genes. Now that the ability to sequence environ-
mental phages was established, the push was on
to expand sequencing approaches from cultured
strains like SIO1 and PM2 to environmental com-
munities. This stimulated the development of one
of the most important tools in phage ecology to-
day: shotgun metagenomics.

Sequencers with shotguns

Research done in the 1990s that amplified and
sequenced conserved phage genes demonstrated
that environmental phage were diverse, but such
studies were limited to groups of closely related
phages (reviewed in [Short, Suttle 1999]). Intrigu-
ing as these findings were, this approach could
not be extended to include less related phages as
phage are of radically disparate lineages. They
have no universal gene in common, nothing com-
parable to the handy ribosomal DNA with which
the three domains of cellular life were resolved
(Woese, Kandler, Wheelis 1990). The very first
shotgun metagenome ever, a virome published
in 2002 (years ahead of the first microbial metage-
nome) by the San Diego Phage Group, provided
our first direct look at the diversity of viruses in
any environment (Breitbart et al. 2002). The diver-
sity observed was incredible: up to 7,000 phage
types in 200 L of surface seawater. For compari-
son, there are only 5,000 to 6,000 species of mam-
mals on the entire planet. Phage diversity was also
radically patchy, varying from ~300 to 7,000 viral
types species per 200 L in different samples from
nearby locations.

While the phages were locally diverse, some—or
at least some phage genes—are widely dispersed
(Angly et al. 2006), found all over the world in
almost every biome imaginable, as demonstrat-
ed for two highly conserved DNA polymerases
named Hector and Paris (Breitbart, Miyake, Ro-
hwer 2004). This echoed earlier reports of related
algal virus polymerases in antipodal samples
from Antarctica and British Columbia (Short,
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Suttle 2002). Some phage are so cosmopolitan
that members of the phage communities in lakes,
sediment, and soil can also infect marine mi-
crobes (Sano et al. 2004). However, there is also
evidence of localized adaptation that precludes
phage from infecting potential hosts from neigh-
boring trees while allowing infection of hosts
from within the same tree (Koskella et al. 2011).
Tree to tree infective exclusion in a world that al-
lows marine-soil permissiveness of phage infec-
tion boundaries to phage infection is not intui-
tive. This patchiness makes assessing the size of
the global virome non-trivial and suggests that
we cannot estimate the total phage diversity on
Earth by assessing the diversity in various bi-
omes and then calculating their sum. Ultimately,
it appears that global phage diversity is not as
large as the findings of Breitbart and colleagues
(Breitbart et al. 2002) would suggest (see page
2-60 and [Ignacio-Espinoza, Solonenko, Sullivan
2013]). Armed with shotgun metagenomics as we
are now, we can look back on sixty years of be-
ing shackled to culture-based observations and
appreciate the formidable challenges faced by
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culture-bound researchers like Moebus. Work-
ing within those constraints, he found that phage
could not infect microbes isolated from even less
than 200 miles away, whereas now, examining
viral communities directly, we know that phage
are infective across biomes and across the globe.

Archaeal viruses in the shadows

Science has acknowledged the high abundance
of bacteriophage hosts in the environment since
the 1970s, but archaeal abundances remain un-
derestimated. Even though we now realize that
Archaea are not constrained to extreme environ-
ments, such as acidic hot springs, solar salterns,
and hydrothermal vents in the perennially dark
marine depths, their roles in environmental pro-
cesses (Chaban, Ng, Jarrell 2006; Lipp et al. 2008),
including the human environment (Probst, Au-
erbach, Moissl-Eichinger 2013) are generally
disregarded. As a result, while our appreciation
for phage and their ecological significance has
bloomed, archaeal viruses remain a mostly unex-
plored realm promising surprising rewards for
those who dare to enter. For example, the most

1980), was ahead of his time.

Culturing at Sea with Karl-Heinz Moebus

When limited to culture-based techniques, researchers are inclined to investigate a limited
number of pet strains of microbes and phage in the lab. However, despite the constraints of
culture-based techniques throughout the 1980s, Karl-Heinz Moebus was asking experimental
questions using isolates from mixed communities. Further, while most of his peers were work-
ing on domesticated strains in the lab, he was doing these very modern experiments at sea.
For example, in the early 1980s, working with Nattkemper he conducted experiments wherein
they combined phage and microbes from different sides of the Atlantic (Moebus, Nattkemper
1981). They found that bacteria were more prone to infection from autochthonous than exotic
phage. This suggested that in terms of phage-host infection networks, there were functionally
different populations in regions separated by as little as 200 miles. The Atlantic was apparently
a complex patchwork of distinct communities. If, as envisioned by Baas Becking, “everything is
eve