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Chapter 1.

Entering the 
World of Phage

In which

we meet the phages and take note of 

their basic operating procedures. Each 

featured phage is individually intro-

duced in the rogues’ gallery. Each is a 

wizard, a master of the intricacies of 

molecular biology. If you are not, if the 

basics of that field are not part of your 

background, you can nevertheless keep 

up with the phages if you first explore 

the primer provided here. 
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…it has been well said that a virus is “a piece of bad news 
wrapped up in protein.”
P.B. Medawar and J.S. Medawar, 1985

Whether or not viruses should be regarded as organisms is a 
matter of taste. 
André Lwoff, 1962 

Nevertheless, I believe that the virus factory should be 
considered the actual virus organism when referring to a virus. 
Jean-Michel Claverie, 2006

Viruses are by common definition neither organisms nor alive.
Harald Bruüssow, 2009

Because, after all, a person’s a person, no matter how small.
Dr. Seuss, Horton Hears a Who

This is biology, so there are of course exceptions to any rules 
we might attempt to derive.
Sherwood Casjens, 2003
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Two Points of View

Bobbing in mid-Pacific waves, or swirling in the roiling waters 
of an acidic hot spring, stuck in the mucus covering a coral polyp, en-
sconced in a crack in a desert rock, or trapped in the remains of an 
enchilada in your gut, a bacterium bursts open and 25, a hundred, 
perhaps a thousand multi-faceted jewels spill out from the carcass – the 
fruits of a successful phage infection. Riding the currents or ricochet-
ing off cells and flotsam, these tiny hopeful particles disperse randomly, 
drifting. Occasionally a lucky one collides with a suitable bacterium 
and sticks. Then minutes, hours, days, or months later, this cell, too, 
ruptures and another horde ventures forth. The odds are against in-
dividual success, but the voyagers are many. If fortune smiles, one of 
them will arrive at an obliging door, will enter and dine, and will re-
peat this ancient cycle yet once again. 

…
It’s a bacterium’s worst nightmare, the arrival of that one phage in 

a million who will evade all of its state-of-the-art defenses, who more-
over arrives with a plan of its own, speaks the language understood 
by cellular machinery, and knows how to divert the cell’s energy and 
resources to virion production. This particular bacterium’s fate now is 
to support the multiplication of enemy troops and ultimately to release 
them into the neighborhood to prey upon its kin. Is its lineage doomed? 
It is, after all, out-numbered ten-to-one, and its family risks being 
out-maneuvered by the flagrant fecundity and rapid innovation of the 
phages. Not being so easily outdone, Bacteria meet the phage challenge 
again and again with innovations of their own, regaining the upper 
hand once more. Moreover, they can take some comfort in reminding 
themselves that the phages need them. Without hosts, the phages are 
at a dead end. Phage and host have co-existed for billions of years, the 
temporary advantage seesawing back and forth. Why worry? The cell 
continues to prepare to give birth to two daughters. 

Whose side are you on?
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What is a phage? That’s easy. It is a virus that infects a prokaryote. But 
now, instead of only one, we have three words to define: virus, infect, 
and prokaryote. 

Virus is, at its root, a misnomer derived from the Latin vīrus, a poi-
sonous liquid. An accurate and enduring definition was provided 
in 1978 by Salvador Luria, one of the key members of the phage 
group:1 Viruses are entities whose genomes are elements of nucleic acid 
that replicate inside living cells using the cellular synthetic machinery 
and causing the synthesis of specialized elements that can transfer the vi-
ral genome to other cells. Viruses are not the only entities now known 
to meet this definition. Therefore, this is often qualified further by 
noting that viral chromosomes2 travel from cell to cell enclosed in 
a protein shell, or capsid.

Infect refers to the entry of a viral chromosome into a living cell that 
it then manipulates to support its own replication. 

Prokaryote is shorthand for the organisms that compose two of 
the three branches on the Tree of Life (see Figure 2). These two 
branches, originally known as the Bacteria and the Archaebac-
teria, were initially combined into one supergroup, the prokary-
otes, because both groups are single-celled organisms without 
membrane-bounded intracellular compartments. Thus, diverse 
organisms were classified together based on what they lacked – a 
true nucleus and the other organelles found in all eukaryote cells. 
Genome sequencing later demonstrated marked differences in the 
cellular machinery and evolutionary histories of these two pro-
karyote branches. The Archaebacteria, renamed the Archaea, were 
then recognized as being a third distinct domain3 of life, as differ-
ent from the Bacteria as either group is from the Eukarya.4 

 1 The phage group was an informal network of researchers in the USA that laid the 
foundations in the mid-20th century for the understanding of phage biology. Their 
work also developed phages as tools for the new field of molecular biology. 

 2 Throughout this book, I use chromosome to refer to the molecule(s) of nucleic acid in 
which genetic information is encoded, and reserve the term genome for discussion of 
the genetic information itself.

 3 domain: one of the three major divisions of cellular life: Bacteria, Archaea, Eukarya.
 4 This three domain view has recently been challenged by a two domain model, the 

two domains being the Bacteria and the Archaea. It has been convincingly argued 
on the basis of genomic analyses that eukaryotes emerged from within the archaeal 
domain. See “Further Reading” on page 59 for references.
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tial to life’s evolution and ecology. Viruses are an integral part of our 
living universe (see PIC6).

Discovery

A century ago, the bacterial pathogens responsible for numerous in-
fectious diseases had been successfully isolated, cultured, and char-
acterized. These entities could be removed from liquid culture media 
by passage through Chamberland or Berkefeld ceramic filters. How-
ever, the infectious agents responsible for some diseases passed right 
through the 0.1 to 1.0 μm filter pores. Whatever these mysterious 
things were, they were too small to be Bacteria. These “poisons” or 
“toxic liquids” were called viruses.7 Subsequent work provided evi-
dence that viruses were, after all, particles – very small particles. The 
invention of the electron microscope (EM)8 in 1931 made it possible a 
few years later to put a face to the name, and what a stunning face it 
was! Under the EM viruses showed themselves to be particles with 
complex geometric structures, present in millions of copies identical in 
size, shape, and detail. 

 6 Phage in Community, the book planned to follow this one, will explore phage ecol-
ogy, evolution, competition, and other collective activities.  

 7 In 1898, M. W. Beijerinck applied the Latin descriptor contagium vivum fluidum to the 
mysterious agent causing a mosaic pattern on the leaves of tobacco and many other 
plants. This agent was later known as tobacco mosaic virus (TMV).

 8 Electron microscope: a microscope that images small objects using a beam of elec-
trons rather than visible light to achieve the higher magnification and resolution 
required to visualize fine details within nanometer-scale biological structures, in-
cluding virions.

Figure 3: Seeing virions. (Left) Helical capsid of tobacco mosaic virus (TMV), 
the first virions observed under the electron microscope. Transmission electron 
micrograph (TEM) using rotary shadowing with platinum courtesy of Marcus 
Drechsler, University 
of Bayreuth, Germany. 
(Right) The elaborate vi-
rions of Lander, a mem-
ber of the Myoviridae, the 
phage family whose viri-
ons possess a long con-
tractile tail attached to an 
icosahedral capsid. Cour-
tesy of Jun Liu, Univer-
sity of Texas Health Sci-
ences Center, Houston. 
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The first virus particles seen were those of a plant virus, not a phage 
(see Figure 3). These were the simple, rod-like agents that cause tobac-
co mosaic disease (tobacco mosaic virus). Today people routinely refer 
to isolated particles such as these as viruses or phages. I reserve the 
terms virus and phage for the active entities residing inside a cell. The 
particles, or virions,9 are akin to seeds and spores. Like them, virions 
are metabolically inert units released for dispersal. They cannot gener-
ate energy to power their movement or carry out any other activity. 
A virion can only drift among the flotsam, its fate resting on a chance 
collision with a potential host cell. Only if delivered into a suitable host 
can the phage chromosome within spring into action. As with plant 
seeds, a great number of virions are produced so that at least one will 
survive and reproduce.

Usually, but not Always

The term phage refers, sensu stricto, to viruses that “eat” 
Bacteria, i.e., the bacteriophages. When thinking like a phage, I 
also include a few viruses that infect Archaea (Archaebacteria). 
Because we know so much more about the viruses that infect 
Bacteria, these pages will usually, but not always, be focused 
on them.

However you define them, phages differ widely among 
themselves in their properties and their strategies. There are ex-
tremely few statements that one can make that apply to all of 
them. It would surely be tiresome to read – or to write – again 
and again, qualifiers such as some, most, typically, usually, almost 
always, with few exceptions, the majority, and so on. I have chosen 
instead to usually, but not always, forego the qualifiers when 
relating that which is most commonly observed. Please take all 
generalizations in this book with the proverbial grain of salt. For 
every phage rule there are numerous inventive exceptions. 

 9 virion: the inert, extracellular dispersal form of a phage composed of the phage 
chromosome(s) inside a protein shell (capsid) and, sometimes, also a tail, tail fibers, 
and/or a lipid membrane.
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Earning, or Stealing, a Living

Packaged inside each virion is the chromosome that carries the ge-
netic information that makes this phage a particular type of phage. 
This genomic cargo is shielded from environmental insults while in 
transit by a multi-faceted protein shell, its capsid. A capsid is more 
than a resilient shipping carton. It also recognizes a host when it col-
lides with one. First contact is made with the outermost layer of the 
cell envelope or with a structure, such as a flagellum10 or a pilus,11 that 
extends outward beyond the envelope. If the virion encounters its spe-
cific receptor12 there, it binds (adsorbs) and then delivers the chromo-
some through the cell membrane and into the cytoplasm. Afterwards 
it cleans up after itself by resealing the punctured membrane – virion 
mission accomplished. There is no longer a phage and a bacterium, 
but rather a virocell13 with a phage chromosome actively influencing 
cellular activities. Who is in charge now? 

It depends. The best known phage scenario is the archetypal alien 
takeover leading shortly to the death of the cell. The cell is enslaved 
forthwith, but it is not killed immediately. Its continued activity is re-
quired to provide energy and other essential services for phage rep-
lication. The virocell may continue to swim merrily along while its 
metabolism proceeds in part under phage orders. Virion components 
are needed — proteins for the capsid, chromosomes to be packaged 
inside. The cell’s protein synthesizing machinery is redirected to man-
ufacture phage proteins, while the phage chromosome is replicated 
again and again. Some thrifty phages chop the host chromosome into 
bits to be recycled for production of more phage chromosomes. Com-
pleted virions accumulate quietly inside the cell. At the right time, the 
phage triggers the explosive rupture of the cell (lysis14). Virocell “guts” 

 10 flagellum (plural, flagella): an appendage of many prokaryote cells that is anchored 
in the cell membrane and rotates to propel the cell through the milieu.

 11 pilus (plural, pili): straight, filamentous appendages of some prokaryote cells that 
carry out one of a variety of functions such as attachment to host cells or surfaces, 
transfer of DNA between cells, or motility.

 12 receptor: the molecular structure on the surface of a cell to which a phage virion 
specifically attaches, reversibly or irreversibly, as the first step in infection.

 13 virocell: a host cell that contains an intact phage chromosome that is capable of rep-
lication and virion production inside this cell. 

 14 lysis: the rupture of a prokaryote cell membrane that results when a weakened or 
damaged cell wall is unable to counter the internal turgor pressure of the cell.
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In the Spotlight

Biped (Acidianus Two-tailed Virus)
Family: Bicaudaviridae
Host: Acidianus convivator
Lifestyle: Non-lytic
Chromosome: Circular 

dsDNA; 62,730 bp
Genes: 7235

Virion: Spindle-shaped capsid, 
119 nm × 243 nm; tailspan, 
~744 nm

Biped infects Acidianus convivator, 
an acid-loving, hyperthermophil-
ic36 crenarchaeon37 that thrives 
in bubbling hot springs. Its spin-
dle-shaped virion architecture is 
found only in phages that infect 
Archaea, notably those living in extreme environments. Unlike the 
other spindled-shaped phages, Biped has two-long tails that grow 
from the capsid after the virion has extruded from its host.

 35 I am defining gene here to mean a segment of the chromosome that is either pre-
dicted or known to encode a protein. Some phage chromosomes also encode non-
translated RNAs such as tRNAs.

 36 hyperthermophile: an organism or virus that thrives at temperatures of 80° C and 
above.

 37 Crenarchaeota: a major phylum within the domain Archaea that includes many hy-
perthermophiles.

Figure 5: Biped’s portrait. Nega-
tively stained TEM of several Bi-
ped virions, some with not yet fully 
grown tails. Bar = 1 μm. Courtesy 
of David Prangishvili, Institut Pas-
teur, Paris, France.
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Chimera (Enterobacteria phage P22)
Family: Podoviridae or Siphoviridae
Host: Salmonella typhimuriam
Lifestyle: Temperate
Chromosome: Linear 

dsDNA; 41,724 bp
Genes: 67
Virion: Icosahedral capsid, 60 

nm diameter; short tail

Like its mythological namesake, 
Chimera is part one creature, 
part another. Its virion mor-
phology, including its Stubby-
like short tail, indicate its kin-
ship with the podoviruses; its 
genome and temperate lifestyle 
betray its close relationship to the siphoviruses, such as Lancelot and 
Temperance. Chimera has proven to be very useful to researchers as 
a tool to transfer genes between bacterial cells by generalized trans-
duction.38 The chromosome of its host (Salmonella) contains numerous 
sequences that resemble, to varying degrees, Chimera’s own packag-
ing signal. As a result, about 2% of its virions contain approximately 
42,000 bp of DNA from various regions of the host chromosome in-
stead of a 41,724 bp phage chromosome. When such a virion “infects” 
a related cell, the cell receives about 50 potentially useful genes from a 
conspecific39 instead of an invading phage. 

 38 generalized transduction: the conveyance of cellular genes between hosts by phage 
virions due to DNA packaging errors. 

 39 conspecific: a member of the same species. 

Figure 6: Chimera’s portrait. Cryo-
EM image courtesy of Wah Chiu, 
Baylor College of Medicine.
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Thief (Enterobacteria phage P4)
Family: Podoviridae
Host: E. coli
Lifestyle: Temperate
Chromosome: Linear dsDNA; 

11,623 bp
Genes: 14
Virion: Icosahedral capsid, 

45 nm diameter; flexible 
noncontractile tail, 135 nm 
long; 6 tail fibers, 45-50 nm 
long

Thief steals proteins. Specifically, 
it steals the structural proteins53 
needed to assemble its virions 
from a “helper” phage. When 
classified by virion architecture, 
Thief is classified as a myovi-
rus, like its helper phage P2. However, genomic analysis revealed its 
podovirus nature. This protein theft is not random highway robbery, 
but the result of a highly evolved, intimate relationship between Thief 
and helper. Thief intercepts and falsifies the regulatory messages that 
direct helper activities. Moreover, Thief has adjusted its temperate 
lifestyle to increase the probability that a helper will be on hand and 
producing proteins when Thief needs them. Most of the information 
included in this book was obtained from research on single phage-host 
pairs. As the interactions between Thief and its helper demonstrate, 
the complex phage communities in natural ecosystems offer innumer-
able other possibilities for both cooperation and exploitation. 

 53 structural protein: a protein that is a structural component of the capsid (or tail or 
membrane) of a mature virion.

Figure 24: Thief’s portrait. TEM 
courtesy of Terje Dokland, Univer-
sity of Alabama at Birmingham. 
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§

Essentials of Molecular Biology

Not for You?

In subsequent chapters, I will assume you know the molec-
ular biology basics presented below. If you are already familiar 
with these topics, you may want to skim, or entirely skip, this 
section. If not, digesting this brief overview will enable you to 
appreciate the phage “thoughts” that follow.

DNA makes RNA makes protein. This often quoted mantra is the central 
dogma of molecular biology. It summarizes in five words how the ge-
netic information encoded in DNA is first transcribed into RNA and 
then translated into the amino acid sequences of the multitude of spe-
cific proteins needed by each cell. The phages have mastered – perhaps 
in some cases invented – the basics of molecular biology. The replica-
tion of genetic information and the synthesis of proteins are the essence 
of the phage life. Phages have also repeatedly pushed the envelope by 
evolving unique variations on the common practices, variations that 
you won’t find anywhere in cellular life.

Proteins

Why is so much cellular and phage effort devoted to the reliable syn-
thesis of proteins? Because these macromolecules comprise the great 
majority of their structural components and because proteins are the 
catalysts for many chemical reactions carried out by cells, including 
the synthesis of the very DNA and RNA used to fashion them. Proteins 
are vital to every phage activity. They form the structure of virions, 
catalyze the replication of phage chromosomes, carry out virocell lysis, 
and serve as the regulators that orchestrate efficient phage replication. 
A protein molecule is a linear chain of amino acids covalently linked 
head-to-tail by peptide bonds.55 They are all built from the same 20 or 

 55 peptide bond: the covalent bond linking consecutive amino acids in a protein chain. 
The acid portion of one amino acid (a carboxyl group) is joined to the amino portion 
(the amino group) of the next amino acid.
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Chapter 2.

Survival on Arrival
In which

 

a phage chromosome, newly arrived 

in a host cell, is immediately set upon 

by patrolling host defenses. Fear not! 

Cagey phages dodge CRISPRs and out-

wit restriction endonucleases. They de-

ploy inhibitors and wear camouflage. 

They mimic host DNA, chemically modify 

their own DNA, or simply play the odds. 

Again and again, their prokaryote hosts 

evolve new defenses, which are soon 

countered by some phage maneuver. 

In this ancient game of one-upmanship, 

there is never a victory, only a temporary 

advantage. Many phages succumb, but 

enough survive. 
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Being a successful bacterium is not a secure occupation.
Ben Knowles

Growing up, I was taught that a man has to defend his family. 
When the wolf is trying to get in, you gotta stand in the 
doorway. 
B. B. King

“Now, here, you see, it takes all the running you can do, to 
keep in the same place. If you want to get somewhere else, 
you must run at least twice as fast as that!”
The Red Queen in Through the Looking Glass by Lewis Carroll

The world is but a perpetual see-saw. 
Michel de Montaigne
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Every infection starts with the successful delivery of a phage chro-
mosome into the right type of prokaryotic cell, i.e., a member of 
the particular strain or species that this phage knows how to ex-

ploit. However, every successful delivery does not result in a success-
ful infection. Bacteria1 are vigilant, with anti-phage defenses always 
deployed and poised to destroy any invader. It would do no good to 
argue with the bacterium, to point out that phage infection was essen-
tial for the evolution of its species or that the phages continue to drive 
bacterial diversity and enable Bacteria to flourish in balance with their 
environment. At the moment, this particular phage invasion is a mat-
ter of life and death for that particular bacterium. The cell responds to 
secure personal survival, if it can, by destroying the would-be invader 
before it can launch an infection. The phages, in turn, have no choice 
but to continually scramble to counter their host’s latest defenses. The 
advantage sea-saws back and forth, between phage and host, with no 
checkmate possible.

Death by Nuclease

Diverse nucleases2 patrol the cytoplasm of every bacterial cell. Some 
of these enzymes cut RNA molecules while others attack DNA; some 
start hacking at a free end of the molecule while others cut internally; 
some recognize and cleave at specific sequences while others are in-
discriminate. You might wonder, if the invading phage chromosome 
is dsDNA, like the chromosomes of all cells, how does a cell selectively 
target the phage DNA without attacking its own chromosome? This 
ability to discriminate between self and non-self is the essence of im-
munity – a skill mastered not only by animals, but also by plants, fungi, 
and even Bacteria. This self-assessment can be simple for a bacterium. 
Typically its own chromosome is a circle of dsDNA, whereas a phage 
dsDNA chromosome arrives as a linear molecule. Having ends ren-
ders a phage chromosome vulnerable to attack by cytoplasmic exo-

 1 Although phages sensu lato include viruses that infect Archaea as well as Bacteria, 
I will usually refer to hosts in general as Bacteria. The hosts in the vast majority of 
the specific stories that follow are, in fact, Bacteria, because we have barely begun to 
explore the tactics of the archaeal viruses.

 2 nuclease: an enzyme that cleaves a molecule of DNA or RNA. Endonucleases cut 
internally; exonucleases clip off nucleotides from the ends of a linear molecule.
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nucleases that would quickly clip off nucleotides, one by one, from 
those ends. However, the exonucleases have to strike quickly, as most 
phage chromosomes circularize as soon as the entire chromosome is 
inside the cell. The exonucleases don’t get a second chance because 
the phage chromosomes remain circular throughout the infection, re-
suming linearity only as they are packaged inside a capsid. Sometimes 
the exonucleases don’t even get a first chance. A few phages, such as 
Lander, deliver a protein3 along with their chromosome that binds to 
the chromosome ends and shields them from attack.

Once the phage chromosome becomes circular, the invaded cell needs 
another criterion to distinguish the invader from its own DNA. Many 
Bacteria make a DNA methyltransferase4 and use it to routinely tag 
their own chromosomes. This enzyme attaches a methyl group5 to se-
lected cytosines or adenines after they are incorporated into the DNA. 
Since the added methyl groups tuck unobtrusively into one of the 
grooves in the double helix, they do not block base pairing, transcrip-
tion, or DNA replication. Not all cytosines and adenines are modified 
this way, only those that reside within the specific base sequence rec-
ognized by that bacterium’s specific DNA methyltransferase. All such 
qualifying sites are methylated on both DNA strands. These recogni-
tion sites are typically palindromes6 composed of 4 – 8 nucleotides. 
Already thousands of these methyl-tagging enzymes with more than 
2,000 different recognition sites have been identified in Bacteria. 

Palindromic Recognition Sites

Palindromes in our written languages have been a source 
of entertainment. Here a palindrome is a sequence of letters that 
are the same when read in opposite directions, as in:  amana-
planacanalpanama. 

By analogy, a palindrome in a double-stranded nucleic acid 
molecule reads the same on one strand as when read in the op-

 3 Lander: enterobacteria phage T4, a myovirus that infects E. coli. For Lander, this 
protein is gene product 2 (gp2).

 4 DNA methyltransferase: an enzyme that transfers methyl groups from a donor mol-
ecule to specific bases in DNA.

 5 methyl group: –CH3, i.e., 1 carbon atom with 3 attached hydrogen atoms.
 6 palindrome: in a double-stranded section of a DNA or RNA molecule, the presence 

of the identical sequence in both strands when they are read in opposite directions.
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Some of Lander’s relatives are still stumped by this new defense, but 
not Lander. It packages a protective shield inside each new virion 
along with the chromosome – approximately 360 proteins that inhibit 
E. coli’s sugar-loving REs.18 These inhibitors include several variants, 
each one targeting a slightly different host RE. They are, of necessity, 
small, compact proteins (30 × 30 × 15 Å), so compact that during DNA 
delivery they can pass intact through the narrow capsid exit portal. 

Already this latest phage defense is starting to erode. Two pathogenic 
strains of E. coli now sport modified REs that are immune to these in-
hibitors. It is only a matter of time before this salutary bacterial innova-
tion spreads to other strains. Rest assured, though, that it is also only a 
matter of time before Lander comes up with an effective countermove. 
Even now the first mutants able to escape these latest REs have shown 
up. We don’t yet know how they manage their evasion. The future? 
This chess game will continue. Always a check, never a checkmate. 

CRISPR Surveillance

REs are not the only endonucleases poised and waiting to destroy an 
incoming phage chromosome, nor are they the most sophisticated an-
tiphage weapon in the prokaryotic arsenal. Restriction is a type of in-
nate immunity that defends prokaryotes against any invading DNA, 
so long as it is recognized as non-self. Innate immunity encompasses a 
variety of primary defense mechanisms that are found in virtually all 
organisms, while the more “advanced” adaptive immunity was long 
believed to be the province of only “higher” organisms such as verte-
brates. However, both Bacteria and Archaea have developed a highly 
phage-specific defense that is a form of adaptive immunity. What is the 
key difference between innate and adaptive? Adaptive immunity ex-
ploits the ability to remember previous infections and to then mount a 
more rapid and effective response if that same entity trespasses again. 
About 40% of the Bacteria and some of the Archaea whose genomes 
have been sequenced have adaptive immunity in the form of a CRISPR 
system.19 The bacterial version will be featured here since we know 
much less about the archaeal mechanism.

 18 internal protein 1 (IP1). 
 19 CRISPR: (pronounced “crisper”) Clustered Regularly Interspaced Short Palin-

dromic Repeat.
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These “simple” bacterial cells do indeed remember specific phages 
(and other mobile genetic elements) that they previously confronted. 
This memory resides in their CRISPR library, a historical catalog of 
fingerprints of phages met by this particular cell’s predecessors, thus 
of phages that are likely to also be in the current local population (see 
Figure 33). To add a phage to that catalog, the bacterium acquires a 
short segment from the phage chromosome, often in the range of 25 
to 40 or 50 bases. This sample, called a spacer, can be taken from ei-
ther strand of an invading dsDNA phage chromosome, from any gene, 
from any location provided it is adjacent to a short (2 – 8 nt) recognition 
motif called the PAM (protospacer adjacent motif). The phage-specific 
spacer is added to the library without its adjacent PAM, but separated 
from its neighboring spacers by a short palindromic repeat sequence 
(the source of the “SPR” in the CRISPR acronym). New spacers are 
always added at one end of the library. If you read through the library 
starting at that end, you travel back in time from recent events to an-
cient history. These cellular archives can be extensive. Some libraries 
contain several hundred spacers, and some Bacteria have more than 
one library. To keep the size of each library in check, some spacers are 
deleted from time to time; to keep the collection current, older spacers 
are preferentially removed.

Figure 33: A CRISPR Locus
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Chapter 4.

Architecture 101
In which

 

all the manufactured virion parts – pro-

teins and chromosome(s) – are precisely 

assembled, step-by-step, to create the 

beautiful vehicles that will carry each 

daughter phage during its quest for a 

host. The architecture of choice is a pro-

tein shell with icosahedral symmetry. 

Most often, the phage production line 

assembles this capsid first, then force-

fully crams it full of recalcitrant DNA, 

and lastly pins a tail on the capsid. Some 

phages follow a different agenda, but all 

fashion a final product that is primed to 

spring into action upon contact with a 

potential host cell.
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It is the pervading law of all things organic and inorganic, of all 
things physical and metaphysical, of all things human and all 
things superhuman, of all true manifestations of the head, of the 
heart, of the soul, that the life is recognizable in its expression, that 
form ever follows function. This is the law.
Louis H. Sullivan, The Tall Office Building Artistically Considered, 1896

In seeking knowledge, day by day something is added. In 
following Tao, day by day something is dropped. Day by day you 
do less and less deliberately. Day by day you don’t do more and 
more. You do less and less and don’t do more and more, until 
everything happens spontaneously. Then you act without acting, 
and do without doing, and achieve without forcing. And nothing 
is done. And nothing is left undone.
Carol Deppe, Tao Te Ching

We’ve heard that tune: “simple, identical parts, identically 
assembled” fits the very definition of a Platonic solid! Because the 
part generates the whole, the virus does not need to “know” about 
dodecahedra or icosahedra…
Frank Wilczek, A Beautiful Question

If ever we are to attain a final theory in biology, we will surely, 
surely have to understand the commingling of self-organization 
and selection.
Stuart A. Kauffman



Thinking Like a Phage112

Virions are astonishingly beautiful. If we could see them with 
our own eyes, we would admire their architectural flair, their 
elegant functionality. A virion is the sine qua non of a phage, 

the feature that distinguishes phages from the assortment of mobile 
genetic elements that travel naked, such as plasmids, transposons,1 
and viroids.2 Even this distinction blurs if examined too closely. The 
products of evolution do not fit into neat boxes. There are, for example, 
large transposons that encode capsid proteins. (Whether or not they 
construct capsids for extracellular transport remains an open question. 
Are these transposons on the way to becoming phages, or phages be-
coming transposons, or neither?) 

Virions are also eminently functional, and viewed by some as the quint-
essential “nano-machine”. Although that label is intended to express 
respect, to me it belittles them by putting them in the same category as 
the devices we fabricate and own. If they are “machines,” they are the 
most exquisite of machines – multi-functional, requiring minimal ma-
terial, capable of rapid self-assembly with an enviable level of quality 
control, and embodying an intrinsic architectural flair. Their form does 
follow their function, but this has not stifled phage creativity. Collec-
tively they evolved several functional designs and explored variations 
on each theme. Yes, I am in awe. The diversity and perfection that we 
see today is the product of several billion years of innovation honed by 
relentless competition and selection.

From the moment a phage chromosome enters the cell until the first 
virion comes off the assembly line, the phage is in eclipse. There are 
no infectious particles anywhere to be found. Every phage generation 
creates its progeny virions from scratch, building them from newly 
made phage proteins and a newly replicated chromosome. This de 
novo synthesis of virions sets phages (and all other viruses) apart from 
all cellular life. When a cell reproduces, it divides into two daughter 
cells each of which inherits not only genes, but also part of the highly 

 1 transposon: a common DNA element that moves from one location to another either 
within a chromosome or to another chromosome in the same cell.

 2 viroid: an infectious agent that infects plants and that consists of only a circular, 
single-stranded molecule of negative-sense RNA without a capsid.
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structured cytoplasm of the mother cell. When a phage reproduces, 
all it brings to the task is the information encoded in its chromosome. 
It is the task of the virion to transport a dormant phage chromosome 
through intercellular space and deliver that information into a cell ca-
pable of supporting production of the next generation. En route a viri-
on drifts through an environment teeming with hazards that threaten 
to damage the craft or cripple the chromosome inside. It collides with 
microbes, cellular debris, and all manner of flotsam, then rebounds, 
intact. Rebounds, that is, unless it has bumped into a potential host, in 
which case it must respond and quite literally spring into action. No 
metabolic energy can be generated en route, yet the virion must adsorb 
to the cell and deliver its cargo inside. Both stability and quick response 
are inherent in virion structure, and that structure, in turn, results from 
the protein sequences encoded in the genome. This process echoes the 
way the sequence of Minimalist’s chromosome seemingly effortlessly 
regulates both the what and the when of phage protein synthesis (see 
“The Ingenious Minimalist” on page 92). Both are elegant solutions. 

Architectural Basics

All virions, whatever their size or shape, are constructed from multiple 
copies of a few proteins. Moreover, those proteins are moderate in size 
for many of the same reasons that we build houses out of many small 
bricks rather than a few large ones. Phages with the smallest genomes 
make the simplest virions using the fewest different proteins. Often 
the capsid is constructed from multiple copies of just one major capsid 
protein, with perhaps another minor component that serves to recog-
nize and bind a potential host cell (see “The Ingenious Minimalist” on 
page 92). Even phages with more genes adhere to the same basic 
capsid architecture, supplemented with a few additional proteins for 
useful spikes or “glue.” At the other end of the spectrum is Lander 
who, among many others, assembles a decorated capsid and flaunts 
an elaborate tail. Each of Lander’s virions contains multiple copies of 
about 40 different structural proteins. 

With an eye to the cost of production, a phage architect also takes into 
account the total number of protein molecules invested in each virion. 
Ceteris paribus, a capsid geometry that requires fewer protein molecules 
to transport the same chromosome is the better choice. It takes time, 



Chapter 4: Architecture 101 133

Figure 49: Growing a stubby tail. Stubby’s tail grows at the virion portal by the 
sequential assembly of 48 protein molecules. 

Three Phage Tales 

Capsid assembly, filling, and expansion completes virion construction 
for some phages, but the most successful phage families go one step 
farther: they add a tail. Although bacterial phage tails come in three 
distinctive forms, they all have two properties in common. They all 
carry fibers or spikes that recognize a potential host on contact, and 
they all form a tubular channel through which the dsDNA chromo-
some will exit the capsid. Even the simplest of tails adds some com-
plexity to virion assembly and increases the cost of virion production. 
The benefits become apparent as we watch the phage secure its next 
host (see “The Quest” on page 185) and deliver its chromosome (see 
“Speculative Tails” on page 222). 

Stubby (T7) appears to have the simplest tail, merely a short, nozzle-
like structure attached at the capsid portal (see Figure 49). This short 
tail looks inadequate for the task of infecting its E. coli host, a task that 
requires the tail to span the 24 nm periplasmic moat that separates the 
cell membrane and the outer membrane of this Gram-negative bacte-
rium. Appearances can be deceiving. Hidden inside Stubby’s capsid 
are all the component parts needed to assemble a tail extension dur-
ing DNA delivery (see “Delivery with a Stubby Tail” on page 227). 
Stubby’s visible external tail is a modeststructure as phage tails go. It 
is assembled from only four different proteins, 48 protein molecules in 




