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I N T R O D U C T I O N

What are viruses?

Since the emergence of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) in late 

2019 and early 2020, the world has become very 

aware of viruses and how much they can impact our 

lives. The news, and even the field of virology, became 

overwhelmed by details of this virus, which causes 

coronavirus disease 2019 (COVID-19). While the 

effects of SARS-CoV-2 have been felt worldwide,  

this is just a tiny part of the story of viruses. This book 

will take you on a fascinating journey beyond 

COVID-19 and into the realm of the most diverse 

entities on Earth. 

Finding a definition that fits all of the different types 

of viruses is difficult. The Oxford Learner’s Dictionary 

defines a virus as “a living thing, too small to be seen 

without a microscope, that causes disease in people, 

animals and plants.” However, even the very first phrase 

here—“a living thing”—is controversial (see below). 

Viruses infect more than just people, animals, and plants; 

in fact, they infect every life-form known, and most of 

them probably don’t cause disease. Finally, this definition 

doesn’t distinguish viruses from bacteria.

The Oxford English Dictionary has a slightly different 

definition: “An infectious, often pathogenic agent or 

biological entity which is typically smaller than a 

bacterium, which is able to function only within the 

living cells of a host animal, plant, or microorganism, 

and which consists of a nucleic acid molecule (either 

DNA [deoxyribonucleic acid] or RNA [ribonucleic 

acid]) surrounded by a protein coat, often with an outer 

lipid membrane.” We are making some progress here, 

although many giant viruses are larger than some 

bacteria, and not all viruses have a protein coat.

There are a few features that all viruses do have in 

common: they have genomes of RNA or DNA, they 

require a host for all of their functions, they may carry 

the genetic material for many sophisticated functions, 

and they cannot generate their own energy. An ongoing 

discussion concerns whether viruses are alive or not. 

When they were first discovered it was assumed that 

they were alive, but when tobacco mosaic virus was 

made into a crystal in 1935, some thought viruses were 

more like a chemical than a life-form. Some have 

suggested that viruses are alive when they are infecting  

a host cell, and that they are more like seeds or spores 

when they are outside of a cell.

In short, there is no simple answer to the question 

“Are viruses alive?” There have been many arguments 

on both sides, but rarely by virologists. In general, 

virologists find their favorite entities fascinating, and 

whether they are alive or not has little relevance because 

they certainly impact the lives of everything on Earth.

 High-resolution, cryo-EM 
structure of Zika Virus.
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 Artist’s visualization of a short 
piece of DNA double helix.
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The basics of cellular life
All life is made up of cells, which are either prokaryotic  
or eukaryotic. Bacterial and archaeal cells are prokaryotic, 
meaning they lack a nucleus and generally have a wall 
surrounding them. Animal and plant cells are eukaryotic, 
meaning they have a nucleus that houses the organism’s 
genome. Animal cells do not have cell walls, but most  
other eukaryotic cells do. Structures within eukaryotic  
cells are called organelles and are surrounded by their own 
membranes. Mitochondria in most eukaryotic cells and 
chloroplasts in plant cells generate the cells’ energy and are 
derived from ancient bacteria. They have their own DNA 
genomes, but they cannot survive independently. Cells are 
shown as average sizes for the type of cell, but the size 
actually varies enormously. The largest known cell by  
volume is the ostrich egg. 

BACTERIAL CELL (PROKARYOTIC)

A cell is the basic unit of life. There  
are two types of cells: prokaryotic  
and eukaryotic (see diagram below). 
Prokaryotic life includes bacteria and 
archaea, which mostly comprise  
single cells, although some can form 
multicellular structures. Eukaryotic 
cells include everything else.

What are cells?

2 µm
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Our genomes, and the genomes of all  
life that has cells, are made of DNA, long 
chains of deoxyribonucleotide bases, of 
which there are four (see page 66). The 
genome is a type of code containing all 
the information that is needed to direct the 
cell to make proteins. Proteins are chains 
of amino acids, and each amino acid uses 
three nucleotides called a codon for its 
code (see table). The parts of the genome 
that have the codes for proteins are called  
the coding regions. 

DNA and RNA

Since there are four nucleotides, and 22 amino acids 

that need to be coded for, plus a code for stopping 

translation, there is usually more than one codon for 

each amino acid as there are 48 codon combinations. 

The table shows the first, second, and third nucleotide 

for each codon (abbreviated as U, C, A, and G), and 

which amino acid this code tells the translation 

machinery to insert when the protein is being made. 

THE GENETIC CODE
Each amino acid in the table is represented by a three- 

letter abbreviation. For example, Ser stands for serine,  

Leu stands for leucine, and His stands for histidine.

SECOND BASE

U UUU  Phe
UUC  Phe
UUA  Leu
UUG  Leu

UCU  Ser
UCC  Ser
UCA  Ser
UCG  Ser

UAU  Tyr
UAC  Tyr
UAA  STOP
UAG  STOP

UGU  Cys
UGC  Cys
UGA  STOP
UGG  Trp

U
C
A
G

C CUU  Leu
CUC  Leu
CUA  Leu
CUG  Leu

CCU  Pro
CCC  Pro
CCA  Pro
CCG  Pro

CAU  His
CAC  His
CAA  Gln
CAG  Gln

CGU  Arg
CUC  Arg
CGA  Arg
CGG  Arg

U
C
A
G

A AUU  Ile
AUC  Ile
AUA  Ile
AUG  Met

ACU  Thr
ACC  Thr
ACA  Thr
ACG  Thr

AAU  Asn
AAC  Asn
AAA  Lys
AAG  Lys

AGU  Ser
AGC  Ser
AGA  Arg
AGG  Arg

U
C
A
G

G GUU  Val
GUC  Val
GUA  Val
GUG  Val

GCU  Ala
GCC  Ala
GCA  Ala
GCG  Ala

GAU  Asp
GAC  Asp
GAA  Glu
GAG  Glu

GGU  Glu
GGC  Gly
GGA  Gly
GGG  Gly

U
C
A
G

FIRST BASE U C A G THIRD BASE
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A
T G C T T T C G T A

T
T

A C G A A A G C A T
A

A
T G C T T T C G T A

T
T

A C G A A A G C A T
A

A
T G C T T T C G T A

T
T

A C G A A A G C A T
A

A
T G C T T T C G T A

T
T

A C G A A A G C A T
A

A U G C U U U C G U A U U A C G A A A G C A U A A U G C U U U C G U A U U A C G A A A G C A U A

A U G C U U U C G U A U U A C G A A A G C A U A A U G C U U U C G U A U U A C G A A A G C A U A

D N A  A N D  R N A

DNA to RNA to protein
DNA is the genetic material of all life that has cells. In a cellular 
genome it comprises two long strings of complex sugar molecules, 
each with a nucleotide base attached. There are only four bases in 
DNA: adenine (A), cytosine (C), guanine (G), and thymine (T). Each 
base pairs with a complementary base—A with T, and C with G—so 
that the two strands are also complementary and together form a 
double helix. DNA is transcribed into RNA, and the RNA in turn 

carries the code for proteins. RNA has a very similar structure to 
DNA, but the thymine base is substituted for uracil (U). This central 
dogma of molecular biology—DNA to RNA to protein—held up 
until 1970, when two independent American scientists, David 
Baltimore and Howard Temin, discovered a new enzyme made by 
viruses that can convert RNA into DNA.  In viruses DNA genomes 
can be single-stranded.

There are many other elements in DNA that do 

not code for proteins but are important in regulating 

when and how proteins are made. In fact, there is a lot 

more of the non-coding DNA in the genomes of most 

cells than there are coding portions—for example, the 

coding part of the human genome is only about 1.5 

percent of the total genome. The purpose of much of 

this non-coding DNA is currently still unclear. 

In contrast, virus genomes can be made of either 

DNA or RNA. What’s the difference? Chemically, 

a DNA base contains one less oxygen atom (hence 

“deoxy-”) than an RNA base. Biologically, this small 

change can make a big difference: different enzymes  

are used to copy the different bases, they have different 

structures, and RNA has a lot more biological activity 

beyond just coding for genes. RNA can act as an 

enzyme itself, and it is part of a lot of the complex 

machinery inside cells, such as the ribosomes that  

translate genes into proteins. A major difference between 

the genomes of viruses and cellular life is that most viruses 

contain very little RNA or DNA that is non-coding. 

The genomes of all cellular life are double-stranded 

DNA. In eukaryotes they are linear, but in bacteria and 

archaea the genomes are often circular. In viruses the 

genomes can be DNA or RNA, single-stranded or 

double-stranded, and either linear or circular. While  

all cells use a lot of single-stranded RNA to carry out  

various functions, double-stranded RNA is unique to 

viruses, other than very small molecules. Most cells 

recognize double-stranded RNA as something foreign, 

and this can trigger an immune response (see chapter 

starting on page 160). Viruses with double-stranded  

RNA genomes have evolved ways to hide their  

genomes from the cells they infect.

DNA

RNA

PROTEIN

3’ 3’

3’

5’5’

5’

Transcription

Translation Ribosome

Ile
SerGluTyrTyr

Amino acids

SerLeuMetIleSerGluTyrTyrSerLeuMet
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The first level of virus classification  
is often called the Baltimore scheme, 
named after American biologist David 
Baltimore. In this scheme viruses are put 
into seven categories based on their 
genome type (see below and table on 
pages 34–35). Different classes of 
viruses infect different hosts. 

How viruses are named 

Virus names are usually first assigned by the discoverer, 

and later elaborated or approved by the International 

Committee on Taxonomy of Viruses (ICTV).  

The names of plant viruses usually include the name  

of the first host where the virus was isolated and the 

symptoms it produces, an example being banana streak 

virus, which induces yellow streaks in the leaves of banana 

(see page 54). In contrast, the names of human viruses 

often include the organ where the virus is found, such as 

the hepatitis viruses found in the liver and the rhinoviruses 

that infect the upper respiratory tract. The names of fungal 

viruses include the Latin genus and species names of the 

host, such as Saccharomyces cerevisiae virus L-A,  

GENETIC MATERIAL IN VIRUS

Group I

dsDNA

Group II

ssDNA

Group III

dsRNA

Group IV

ssRNA(+)

Group V

ssRNA(–)

Group VI

ssRNA

Group VII

dsDNA

dsDNA

mRNA

Reverse 
transcription

Reverse 
transcription

ssRNA(–) 

Proteins

The Baltimore classification scheme
In the Baltimore scheme of viruses, each 
genome type has to be transformed into 
messenger RNA (mRNA) before the encoded 
proteins can be made. Abbreviations: ds, 
double stranded; ss, single stranded.
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which infects yeast (see page 246). Virus names can  

be confusing because viruses are not always discovered 

in their natural hosts, and they may infect many other 

hosts. For example, cucumber mosaic virus infects about 

1,200 plant species, but not most modern cucumber 

cultivars, which are resistant to it. The virus profiles in 

this book use the names from the 2020 ICTV report. 

The abbreviations for viruses are given in many 

instances, but it should be noted that these are not 

always used in the same way by different virologists,  

and more than one virus may have the same abbreviation. 

For example, rous sarcoma virus and respiratory syncytial 

virus, both profiled in the book, use the abbreviation RSV.

Taxonomic classification of viruses differs from that 

of cellular life-forms in a couple of ways. First, the 

highest level of classification for viruses is realm, as 

opposed to domain in cellular life. The remaining levels 

are the same. And second, in viral taxonomy all the levels 

of classification are written in italics, whereas in other 

taxonomy only the genus and species names are written 

in italics. Although the use of latinized names for viruses 

is now generally accepted, the rules around when italic 

type should be used and when it should not vary.  

To avoid confusion, all virus names in this book are 

therefore written in roman type. Common names are 

also included in the descriptions where readers may  

be more familiar with these.

REPLICATION OF VIRUSES
The most important function of viruses is to replicate, 

to make more copies of themselves to infect other host 

cells and other hosts. The details of this process vary 

depending on the type of genome the virus has, and 

the type of host it infects. Details of this process will  

be described in “Viruses making more viruses” starting 

on page 62. This chapter is the most technical chapter 

in the book, and is provided for those who want to  

take a deeper dive into how viruses work.

 Tobacco mosaic virus causes  
a pattern of light and dark green on  
the leaves of infected tobacco plants. 
The virus is concentrated in the light 
green areas of the leaves.
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No virus found to date makes pigments. 
Pigments are biologically costly to make, 
and they always have a specific purpose 
in biology, such as attracting mates or 
deterring predators. Viruses don’t have 
any need for color, so they are colorless, 
with the exception of the iridoviruses. 
The latter are large by virus standards, 
and they have thousands of facets in 
their capsid structure that reflect light, 
creating iridescent colors that can 
sometimes be seen in the infected hosts 
(see the image below). 

Do viruses have colors?

Although most viruses are colorless, they may have  

a dramatic effect on the color of their host by affecting 

the pigments their host makes. For example, many 

stripes or mottles in flowers and leaves are caused by 

viruses disrupting the genes that make pigments, and 

viruses also affect pigment production in fungi.

Most of the pictures of viruses in this book are 

generated by computers using complex data, with the 

color added to make it clearer to see certain features. 

The latest methods use cryo-EM, which is a type  

of electron microscopy (EM) where the samples are 

flash-frozen and imaged in the frozen state. This is  

a big advance over older methods, where the samples  

had to be chemically fixed, often causing their structure 

to change. With cryo-EM, thousands of individual 

images are merged to produce a very detailed structure. 

Another way to look at virus structure is through 

x-ray crystallography. Viruses are quite easy to make 

into crystals because they usually have very regular 

shapes. When a beam of x-rays passes through a crystal, 

the rays are diffracted in different directions based  

on the molecular structure within the crystal. The 

diffractions are then translated into a structure by 

computer programs. Some of the images in this  

book were generated in this way.

 Tulips infected with tulip 
breaking virus have stripes. 
In the seventeenth century the  
Dutch were so enamored with  
these beautiful flowers that infected 
tulip bulbs resulted in “tulipomania”  
in Holland. However, because  
the virus was sometimes lost  
when the tulips were propagated,  
the colors were unstable.

Iridovirus structure
Iridoviruses have so many capsids that they 
reflect different colors of light, much like the  
way a butterfly can look iridescent thanks to  
the tiny scales that cover its wings.

Surface proteins

Capsid containing 
genomic DNA

External membrane
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The first hint that an agent other than 
bacteria or fungi was causing infections 
came in 1892, when the Russian 
biologist Dmitri Ivanovsky (1864–1920) 
demonstrated that a mosaic disease in 
tobacco plants could be transmitted by 
the sap of the plant. He concluded that 
there was a poison in the sap. In 1898, 
Dutch microbiologist Martinus Beijerinck 
(1851–1931) passed the sap of mosaic 
tobacco plants through a fine porcelain 
filter that could exclude bacteria, and 
found that the filtered sap was still 
infectious. He concluded that there was 
an infectious agent smaller than bacteria 
in the plant sap, and called it a living 
contagious fluid. Beijerinck later used  
the word virus for the agent, from the 
Latin word meaning “poison.” 

The history, 
and future,  
of virology

Later that same year, German bacteriologists Friedrich 

Loeffler (1852–1915) and Paul Frosch (1860–1928) 

showed that the infectious agent for foot and mouth 

disease was also a filterable virus, and the field of 

virology was born. By 1901, US Army doctor Walter 

Reed (1851–1902) had demonstrated that the agent  

for yellow fever was also a virus, and in the next  

decade leukemia and solid tumors were shown to be 

transmissible by viruses in chickens. In 1915 bacterial 

viruses were discovered by two independent scientists. 

Viruses were pivotal in many major advances in 

biology. The basic components of tobacco mosaic virus 

were shown to be RNA and protein, and its structure 

was seen in an electron microscope in the 1930s. The 

ability of plant viruses to mutate was also discovered in 

the 1930s, and this was demonstrated for bacterial viruses 

in the 1940s. In the 1950s, English chemist Rosalind 

Franklin (1920–1958) made a detailed structural model 

of tobacco mosaic virus using x-ray crystallography, a 

technique she later used to show the structure of DNA. 

This led to the discovery of RNA as a genetic material. 

Viruses were also used to decipher the genetic code. 

Viruses contributed many fundamental tools for the 

study of molecular biology throughout the twentieth 

century. The first enzymes for determining the 

sequence of DNA were isolated from viruses and many 

of the tools for DNA cloning came from viruses.

THE FUTURE OF VIROLOGY
The beneficial roles of viruses for life on Earth (see 

chapters starting on pages 194 and 220) are only just 

becoming clear, and this is an area that should receive a 

lot of attention in the next decades. With the increases 

in technology that allow the discovery of more and 

more viruses (see chapter starting on page 26), scientists 

will uncover many examples of viruses that do not 

cause disease.

The overwhelming global effects of the COVID-19 

pandemic have made it clear that more energy needs to 

be placed on understanding how viruses emerge to 

cause severe disease (see chapters starting on pages 160 

and 248). Better surveillance methods are also critical, 

so that potential pandemics can be stopped in their 

 A large model of tobacco mosaic 
virus, designed by English chemist 
Rosalind Franklin, was displayed at the 
1958 Brussels World’s Fair. Here it is 
seen under construction.
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tracks. COVID-19 has also stimulated the development 

of new technology for vaccine research, and highlighted 

how much more is still needed for understanding the 

immune response and for developing durable vaccines. 

Development of treatments for virus diseases is also 

very important (see “The battle between viruses and 

hosts,” page 161).

In the coming decades we can look forward  

to more virus-based technology, mitigating the issues 

of antibiotic resistance, providing gene delivery to 

treat genetic diseases, and giving us better tools for 

understanding the planet and our relationships  

with the environment.
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 Martinus Beijerinck 
(1851–1931) was a Dutch 
microbiologist who is best known 
for his early work on viruses.  
His experiments showed that the 
mosaic disease of tobacco was 
caused by an infectious agent 
smaller than any known bacteria. 
He coined the term “virus” to 
describe this agent, which he 
considered to be a “contagious 
poison.” Beijerinck had another 
critical role in agricultural 
microbiology: he discovered that 
bacteria colonizing the roots of 
legumes (beans, lentils, peas, etc.) 
could “fix” nitrogen. Nitrogen is 

abundant in the air, but it cannot 
be used by plants in this form.  
The bacteria convert nitrogen to  
a form that plants can use. Native 
American farmers already knew 
this indirectly because they grew 
their corn and beans together. The 
beans provided excess nitrogen 
through the bacteria in their roots, 
and the corn stalks provided a 
support for the vining bean plants. 
Nodules in a legume root, where 
the nitrogen-fixing bacteria reside, 
are shown in the image above. In 
some cases, infection of the host 
plant by a virus can reduce the size 
and abundance of these nodules.
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 Rosalind Elsie Franklin 
(1920–1958) was a British 
scientist who studied chemistry 
and x-ray crystallography.  
She is best known for her work  
on the structure of DNA, for  
which she received little credit 
during her lifetime. One of her 
discoveries in her DNA work  
was the A and B forms of the DNA 
double helix (see pages 34–35). 
X-ray crystallography is a very 
powerful tool to determine the 
structure of large molecules such 
as nucleic acids and proteins. The 
molecules are crystallized and an 
x-ray is passed through the crystal, 
producing a diffraction pattern 
that can be interpreted to reveal 
the structure. Franklin applied  
this technique to determine the 
structure of viruses, and since her 
time it has been used to establish 
many virus structures, some of 
which are shown in this book.  
You can see the diffraction pattern 
for tobacco mosaic virus (TMV) 
from Franklin’s work below; it may 
not look like much to the untrained 
eye, but it allowed the scientist to 
build a model of the virus that was 
displayed at the Brussels World’s 
Fair in 1958 (see page 19). 
Franklin died very young, and  
it was only after her death that  
the critical role she played in 
determining the DNA structure 
was recognized.
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 Howard Martin Temin 
(1934–1994) was an American 
virologist. He studied Rous 
sarcoma virus (see page 100) 
during his graduate and 
postdoctoral years, and was 
recruited by the University of 
Wisconsin–Madison in 1960.  
He discovered that the genome 
sequences of this RNA virus  
could be found in the DNA of the 
infected host cell. He concluded 
that the virus had a way to  
convert its RNA into DNA.  
He had discovered the enzyme 
reverse transcriptase, shown  
here as a model derived from 
x-ray crystallography. American 
virologist David Baltimore 

(b. 1938) made a similar 
discovery at the same time,  
using a different virus, and the 
two shared a Nobel Prize in 
1975. The world of molecular 
biology was thrown into chaos 
by these findings, because they 
violated the central dogma of 
biology (see page 13). Since its 
discovery, reverse transcriptase 
has become an essential 
component of the molecular 
biology toolbox. Among other 
things, it allowed scientists to 
determine the sequence of RNA 
molecules for the first time, and 
to clone genes from their 
messenger RNA.
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cancer  46, 88, 237
 viruses associated  

 56, 87, 100
canine distemper  156
canine morbillivirus  156
canine parvovirus  113–14, 268
capsomere  32

carbon cycle, global   
197, 198, 203, 204

carnivore protoparvovirus 1 
(CPPV-1)  268, 269

carnivore protoparvovirus 2 
(CPPV-2)  268

Cassava (Manihot esculenta)   
272

cauliflower mosaic virus  87
cell(s), structure  10, 11, 108
cell membrane  108
cell walls  10, 106, 108
 breaking through,  

by viruses  110–11
Chenopodium quinoa  168
chestnut blight  234, 235
chestnut trees, viruses and   

234, 235
chikungunya virus (CHIKV)   

130, 131, 208, book cover
chiltepín pepper  238
cholera  227, 244
chromosomes  36
circoviruses, porcine see porcine 

circovirus, types (1-4)
Citrus genus  265
citrus tristeza virus  264–66
classification of viruses   

14–15, 30, 38–39
climate change  266
cloning of viruses  210
coat protein  32, 49
codon  12
cold stress, viruses protecting 

plants from  228
colors, of viruses  16
common cold, viruses causing   

78, 128, 186
complementation  150
concatemer  58, 70, 74
coronaviruses  8, 139
 see also SARS-CoV;  

SARS-CoV-2
COVID-19 (pandemic)   

8, 18, 128, 210, 261–63
 severe, downregulation of 

immunity disrupted  180
 see also SARS-CoV-2
cowpox, and cowpox virus   

175, 184
CRESS (circular, Rep-encoding, 

single-stranded) viruses   
50, 74
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CRISPR  172, 173
crop plants, and viruses   

43, 208, 251
 fungi, relationship  200, 201
 geminiviruses infecting  272
 monocultures   

146, 147, 266
 non-native environments, 

viruses in  208, 251
 pandemics  264, 265, 266
 virus resistance  164
 wild plant virus infecting   

43, 250
cross-kingdom viruses   

94, 108, 152, 199, 200, 214
cross-protection  126
cryo-EM  16
cryptic viruses  238
CTXphi (CTXφ)   

244, 245
cucumber mosaic virus (CMV)  

15, 49, 74, 78, 179, 214, 215
 experimental evolution   

143, 145
 fungi infected by  214
 transmission  118, 143
 vaccination of tobacco  

plants  179
curvularia orthocurvulavirus 1  

240, 241
Curvularia thermotolerance  

virus (CThTV)  240, 241
cyanobacteria, marine  198, 216
cytomegalovirus  37, 227, 242

Darwin, Charles  136, 137
definition of viruses  8
Delbrück, Max  192
deltavirus  46
dengue fever (breakbone fever)  

190, 208
dengue virus  179, 190, 191, 205
densoviruses  40, 41, 44
d’Herelle, Félix  192
DICER  171
diphtheria  227
direct contact, virus transmission  

113, 114, 115
discovery of viruses  28, 29
disease (in humans), suppression 

by other viruses  226–27
diversity of life  30–31, 36, 46
DNA  10, 13

 sequencing  28, 29, 154
 structure  10, 12, 13, 48, 66, 68
DNA-dependent DNA 

polymerase  50, 90, 154
DNA-dependent RNA 

polymerase  76
DNA genome  8, 10, 12, 13
 coding/non-coding regions  

12, 13
 human, viruses as part of   

48, 56, 222
 viral see DNA virus(es)
DNA (viral) integration,  

into host genome   
48, 50, 111, 222, 224

 benefits  222, 224
 deep evolution, viral  

“fossils”  151
 human endogenous  

retrovirus K  56, 57
 pararetroviruses  86, 87
 retroviruses  48, 84, 85, 87,  

222, 224, 270
DNA ligase  68, 70
DNA polymerases   

50, 70, 73, 74, 90, 154
DNA virus(es)  8, 13, 68, 154
 dsDNA  13, 14, 36, 38–39, 65
 ssDNA  13, 14, 36, 50, 74, 75
DNA virus replication   

50, 68–75
 dsDNA viruses   

68–73, 90, 184
 host enzyme use  68, 73, 74
 rolling circle method   

50, 70, 74, 75
 ssDNA viruses  74–75, 92
 strand displacement method  

58, 72
domains, of life  30
droplets, virus transmission   

115, 116
drought stress  228, 229

Ebola virus  29, 46, 141, 152
ecosystem balance  196–219
 host behavior, virus effect on  

205, 218
 marine/sea  197–98, 216
 population control  

by viruses  202–4, 218
 viruses of plants/fungi   

200–1, 214

 virus–insect–plant  
interactions  199, 212

Emerald Green Sea Slug  
(Elysia chlorotica)  203

emerging disease-causing  
viruses  29, 46

Emiliania huxleyi  203–4
endocytosis  108
endogenous viruses   

48, 54, 56, 57, 222
endornaviruses  132
entering/exiting hosts  106–11
 breaking through cell walls  

110–11
 challenges for viruses  106
 membrane fusion, enveloped 

viruses  108, 109
 non-enveloped viruses   

108, 109
 SARS-CoV-2  262, 263
enterovirus C (poliovirus)   

78, 206, 210, 211
enteroviruses  78
envelope  32, 33, 64, 106, 108
 viruses with  108, 109, 113
 viruses without, entry into cells  

108, 109
Epstein–Barr virus  88
eradication of a disease  175
Erwinia amylovora  237
Escherichia coli  192, 196, 227
Escherichia virus T7 (T7 phage)  

192, 193
Eukarya (domain)  30, 31, 158
 viruses of  38–39
eukaryotic cells  10, 11, 13, 30
European Rabbit (Oryctolagus 

cuniculus)  209
evolution  136–39, 151, 201, 223
 experimental  142–45
evolution of viruses  138, 141, 

151, 156, 214
 bacteriophages  142
 favouring spread, SARS-

CoV-2  262
 host–virus interactions  147
 plant viruses  143
 recombination and  144
 speed of  138–39, 142, 144, 

178, 182
 of variants  148–50
exogenization  54
exons  84, 85

F-pili  158
fecal–oral viruses, transmission  

113, 114, 115, 116, 122
feline panleukopenia virus   

268, 269
feline parvovirus  268, 269
fever  166, 180
fire blight  237
fish viruses  41
fitness, biological  140–41
Flammulina velutipes  201
fluids, virus transmission   

113, 115, 116
food-borne viruses   

113, 114, 115, 116, 122
“fossils”, viral  151
fowlpox, and fowlpox virus   

90–91
Franklin, Rosalind  18, 22–23
frog virus 3  44
Frosch, Paul  18
fungal viruses   

14–15, 43, 200–1, 228
 European Chestnut tree 

survival  234
 heat tolerance in plants and  

228, 240
 transmission  111, 112
fungi  108, 200
 colonizing wild plants   

200, 228, 240
 immunity, mechanisms   

162, 170, 171
 plant viruses infecting  214
 plants relationship  200, 201, 

228, 240

gain-of-function genetics  82
Galleria mellonella  

densovirus  44
Gannet, Northern 257
geminiviruses  74, 152, 212, 272
gene(s)  13, 28, 32, 138
 transfer  96, 188, 197
gene therapy  84, 237
generation times  139
genetic code  12, 18, 28–29
genetic drift  256
genetic engineering  96, 188
genetic reassortment  256
genetic sequencing  28, 29, 154
genetic shift  256
genital warts  124
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genome
 definition and structure  12
 types by host types   

38–39
genome (viral)  8, 14, 32,  

36, 38–39, 139
 Baltimore scheme and   

14, 38–39
 complementation  150
 copying, and proofreading   

67, 74, 76, 152
 integration into host see under 

DNA (viral) integration
 sizes  32, 50, 52–53
 synthesis in laboratory, 

poliovirus  210
 see also DNA genome;  

RNA genome
germ warfare, natural   

232, 233, 246
glomerulonephritis  180
good viruses, beneficial roles   

18, 222–47
 chestnut blight control  234
 control of pathogens   

227, 234–37, 242
 in human/animal health   

226–27, 244
 natural germ warfare   

232, 233, 246
 in oceans  197, 198, 216
 protection of host from  

aphids  230, 238
 protection of host from stress  

228–31, 240
 symbiogenesis  222–24
 therapeutic/gene therapy   

84, 237
Greater Wax Moth  

(Galleria mellonella)  44
gut bacteria/microbiome   

166, 210, 227
Gypchek  218
Gypsy Moth (Lymantria dispar)  

202, 218

handshaking, virus  
transmission  116

heat tolerance, fungal viruses 
effect  228, 240

helical viruses  32, 33
helicase  68, 70
helper virus  49, 58, 246

hemagglutinin (H), influenza  
virus  256, 257

hemorrhagic fever  190
heparin  276
hepatitis A  122, 123, 182
hepatitis A virus (HAV)   

114, 122, 123
hepatitis B virus (HBV)  58, 180
hepatitis deltavirus (HDV)   

3, 58, 59
hepatitis G virus  

(pegavirus C)  226
hepatovirus A (HAV)   

114, 122, 123
hepatovirus C (HCV)   

122, 182
herd immunity  255
herpes simplex virus-1  

(HSV-1)  154, 155
herpesviruses  33, 71, 242
histones  86
history of virology  18
horizontal gene transfer  147
horizontal transmission   

112, 115, 203, 218, 274, 276
host(s)
 behavior, viral infection effect 

see behavior
 defense, physical barriers   

106, 166
 different, virus ability to infect  

94, 108, 152, 199, 200, 214
 different virus populations in  

148, 149
 ecology changes, virus 

outcomes  206–8
 enzymes  67, 68, 73, 74, 158
 evolution, impact of viruses  

147
 genome, viral DNA integration 

see DNA (viral) integration
 immune response see immune 

response; immunity
 protection from stress   

228–31, 240
 virus entry/exit challenges  106
 see also specific types of hosts  

(e.g. plants)
host range (of viruses), broad  147
host-to-host contact  113–14
Hot Springs Panic Grass 

(Dicanthelium lanuginosum)   
228, 240, 241

human adenovirus 3  71
human alphaherpesvirus 1   

154, 155
human cytomegalovirus  

(HCMV)  37, 227, 242
human endogenous retrovirus K 

(HERV-K)  56–57, 222
human endogenous retrovirus W 

(HERV-W)  56, 57
human herpesvirus  71
human immunodeficiency virus 

(HIV)  182, 183, 226, 270
human orthopneumovirus   

186, 187
human papilloma virus   

124, 125
human virome  227
humans, and viruses  14, 46
humoral immunity  169, 170
hydrophobia  205

icosahedral viruses  32, 33, 100, 101
immune antisera  182
immune memory  162, 170, 178
immune response  162, 163, 186
 in different cellular life forms  

162, 164
 dsRNA triggering  13, 80
 overactive  180
 priming  168
 suppression, by parasitoid  

wasps  224
 viruses avoiding/fighting back  

148, 178, 186
immune tolerance  180–81
immunity  162–73, 180–81
 adaptive see adaptive immunity
 after vaccination  175, 179
 degrees of (gradient)  164, 165
 innate see innate immunity
Indian Meal Moth (Plodia 

interpunctella)  202
Indiana vesiculovirus  152, 153
indigenous people, virus infections  

209, 232
infection cycle/process   

64–67, 108, 109
 packaging of viral genome   

74, 80, 81
 SARS-CoV-2  262, 263
 see also entering/exiting hosts; 

replication of viruses
inflammation  166, 180

influenza  252–58
 in birds  257, 258
 pandemics  250, 252–55,  

256, 257, 261
 vaccines  179
influenza virus(es)  33, 37, 256, 

257, front cover
 avian  45, 256, 258
 biological fitness, and  

spread  141
 exiting from infected cell  107
 genetics and strains   

178, 256, 257
 genome structure, replication  

78, 79, 256
 immune response to  178, 257
 infecting seals/marine 

mammals  40, 41
 naming of strains  256, 257
 origin and intermediate  

host  258
 segments  78, 79, 256, 257
 transmission and spread   

116, 252–53, 254
 variants  178, 256, 257
innate immunity   

162, 163, 166–68, 180
 MHV-68 inducing  242
 against RNA viruses  186
insect(s)
 animal virus transmission  29, 

90, 107, 117, 118
 attracted to infected/virus-free 

plants  118, 199, 230, 238
 behavior, virus impact on  199, 

205, 218, 230, 238
 decline, and die-offs  44
 mosquitoes  29, 90, 107, 117, 

120, 130, 205
 plant virus transmission  117, 

118, 147, 199
 plant viruses infecting   

94, 108, 110, 199
 plant–insect–virus interactions  

199, 230, 238
 population control by viruses  

44, 202–4, 218
 see also aphids
insect viruses  44, 94, 108
 biocontrol role  218
 plants as vectors  118
 transmission  118, 203, 218
interferons  167, 180, 242
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intermediate hosts  46
International Committee on 

Taxonomy of Viruses 
(ICTV)  14, 15, 36

introns  84, 85
invasive species  209
invertebrates, immune  

responses  162, 170, 171
iridoviruses  16, 205
iron lung  206, 207
italics, use for viruses  15
Ivanovsky, Dmitri  18

Jenner, Edward  175, 184
jumping species see species 

jumping

killer bacteriophage  232, 233
killer viruses, of yeast  232
kingdoms  30

La Crosse encephalitis virus  205
latent infections  242
lichen  222
live attenuated virus vaccines  

177, 210
Loeffler, Friedrich  18
Lymantria dispar multiple 

nucleopolyhedrosis virus 
(LdMNPV)  218, 219

lysis  196, 197, 198, 216
lysogeny  244
lyssavirus rabies (rabies virus)   

37, 98–99, 114, 205

maise streak virus  267
Mallon, Mary  164, 165
Maloney murine leukemia virus  

84
Marek’s disease virus  65
marine mammal viruses  40, 41
marine viruses  36, 40–41, 52, 

196–98, 216
masks  116, 128, 262
measles  156
measles virus  156
membrane fusion, virus entry 

into cell  108, 109
messenger RNA   

64, 65, 68, 74, 76
 caps and poly-A tail  76, 77
 formation by DNA viruses   

65, 74

 formation by  
pararetroviruses  87

 formation by retroviruses   
84, 85, 86

 formation by RNA viruses   
76, 78, 79, 80, 81, 82, 96

metavirus chilense  33
Meyer lemons  264, 265
microbe-associated molecular 

patterns (MAMPs)  167
microbiota/microbiome   

166, 210, 227
micropropagation  54
Middle East respiratory  

syndrome (MERS)   
29, 46, 148, 261

“minichromosome”  86
mitochondria   

10, 11, 30, 201, 222
monkeypox virus  73, 184
monoclonal antibodies  186
monocultures  146, 147, 266
Morus bassanus  257
morbilliviruses  156–57
mosquitoes, virus transmission  

29, 90, 107, 117,  
121, 130, 205

mouse herpesvirus  226, 227
murid gammaherpesvirus 4 

(MHV)  242
murid gammaherpesvirus 68 

(MHV-68)  242, 243
mutations  67, 76, 136, 139
 accumulation during 

replication   
136, 138, 139, 154

 complementation and  150
 germ-line  136
 “neutral” or positive/negative  

136
 nucleotide analogs and  182
 RNA viruses   

67, 76, 136, 138, 139, 152
 slowest rate in PCV-1  238
mutualism/mutualistic 

relationship   
212, 222, 224, 230

 aphids, with viruses   
230, 231

 bacteriophages in   
227, 231

 conditional, plant–virus 
symbiosis  229

 plants and fungi,  
heat tolerance  228, 240

myxoma virus and  
myxomatosis  209

naming of viruses  14–15
nanometer  32
nanoviruses  274
Narnaviridae  201
natural selection  136, 138, 142
necrotic tissue/spots  96, 168
nematodes, as vectors  118
neuraminidase (N), influenza 

virus  256, 257
norovirus  227
North American Little Brown 

Bat (Myotis lucifugus)  46
nucleotides  12, 13, 66, 67
 analogs  182
nucleus  68, 73
number of virus types  36

Okazaki fragments  70, 71
oncogenes  87, 88, 100
one RNA one protein strategy  

76, 78, 79, 81
orf virus  33
organelles  10, 30
orphans, viruses  94

pandemic  250, 251
 COVID-19 see COVID-19 

(pandemic)
 future potential  266
 influenza see influenza
 plant virus  264–66
Pandoravirus dulce  52
Pandoravirus salinus  52–53
panicum mosaic virus (PMV)  

118, 126, 127
Paramecium  108
paramyxovirus  33
pararetroviruses, replication   

86–88, 102
parasitoid wasps  205, 224, 225, 231
parvoviruses  74
Pasteur, Louis  176
pathogens (viral)  162, 250–77
 bacteriophage role  227, 236
 virus/host battle  180–81, 183
 viruses to control  234–37, 242
Pea Aphid (Acyrthosiphon pisum)  

107, 231

pegavirus C  
(hepatitis G virus)  226

penton particle  71
pepper cryptic virus 1 (PCV-1)  

238, 239
phage see bacteriophage
phage therapy  236
phiX174  33
Phoebastria immutabilis  69
phylogenetics  142
phytoplankton  198, 203
 blooms  203–4
picornavirus  33
pigments  16
pigs, African swine fever  276
pithovirus sibericum  33, 52
placenta, development  222, 223
plant(s)
 adaptive immunity   

170, 171, 188
 cell structure  10, 11, 108
 defense molecules, damage  

due to  180
 fungi relationship   

200, 201, 228, 240
 genetic engineering 

experiments  96, 188
 innate immunity   

162, 167, 168
 insect–virus–plant interactions  

118, 199, 230, 238
 local lesions (necrotic tissue)  

96, 168
 pathogen control by phages  

236
 systemic acquired resistance  

168
 vaccination  179
 as vector for insect viruses  118
plant viruses  38–39, 43, 200–1
 broad host range  147
 in crops see crop plants, and 

viruses
 entry/exit and movement in 

plant  110, 111
 epidemic  208, 214, 264–66
 evolution, studies  143
 genome types  36
 heat sensitivity  212
 importance  264
 infecting fungi  200
 infecting insects   

94, 108, 110, 199
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 naming  14
 pandemics  264–66
 plant–insect–virus interactions  

199, 230, 238
 populations, different plant 

branches  148, 150
 protection of plants from aphids  

230, 238
 protection of plants from stress  

228, 229
 replication  88, 94
 resistance  164
 RNA silencing and  178, 180
 species jumping  250, 251
 spread, global  208
 transmission  110, 112, 117, 

118, 126, 132, 147, 199
 vectors see vectors
plaque assay  196, 236
plasma membrane  108
plasmodesmata  110, 111
plum pox virus  79, 251, 267
poliomyelitis (polio)   

78, 206, 207, 210
 vaccine  177, 210
poliovirus (enterovirus C)   

78, 206, 210, 211
polydnaviruses  224
polymerase chain reaction  

(PCR)  102
polyomavirus  33
polyprotein  78, 79, 84, 188
population bottleneck   

141, 145, 150
population control by viruses  

202–4, 218
population expansion, indigenous 

people infected  209, 232
populations of viruses  

 148, 149, 150
porcine circovirus 1 (PCV-1)   

33, 50–51
porcine circovirus 2 (PCV-2)  50
potato spindle tuber viroid 

(PSTVd)  49, 60–61
poxviruses, replication  68, 73
pregenome  80, 81, 87
primer  68, 74, 75
prokaryotes  10, 31
prokaryotic cells  10
proofreading, genome copying  

67, 74, 76, 152
protease  84, 188

protease inhibitors  182
protein(s)  12, 13, 32
 synthesis  12, 13, 76, 78, 79
protists/Protista   

30, 31, 38–39, 52, 113
 challenges for viral  

entry/exit  106
 immune responses   

162, 170, 171
provirus  56

quasispecies  158
Qubevirus durum (bacteriophage 

Qβ)  158, 159
Quinoa  168

R-M (restriction-modification) 
enzymes  192

rabbits, control by viruses  209
rabies  98, 176, 182
 vaccine  98, 175, 176
rabies virus  37, 98, 114, 205
ranaviruses  45
raspberry latent virus  81
realms  15
reassortment, genetic  144
recombination  144, 154
Reed, Walter  18
reoviruses  94
Rep protein  50, 74, 75
replication of viroids/subviral 

entities  89
replication of viruses   

15, 50, 68–88
 DNA viruses see DNA virus 

replication
 mutation accumulation  138
 pararetroviruses  86–88, 102
 retroviruses   

64, 84–85, 86, 100
 RNA viruses see RNA virus 

replication
resistance to infection  164
respiratory syncytial virus (RSV)  

186, 187
restriction-modification system 

(R-M)  192
retroviruses  48, 100, 222
 DNA integration into host  56, 

57, 84, 85, 87, 222, 224, 270
 endogenous (human)   

48, 56, 57, 222
 in fowlpox virus  90

 as gene vectors  84
 in human genome   

48, 56, 57, 222
 infection process  84, 85, 86
 replication  64, 84–85, 86, 100
 symbiogenesis  222
reverse genetics  82
reverse transcriptase   

25, 38–39, 100
 inhibitors  182
reverse transcription  14, 38–39
rhabdoviruses  33, 79
rhinovirus C  128, 129
rhinoviruses  78, 178
Rhizoctonia solani  237
ribozyme  58, 60, 89
rice, viruses affecting   

94, 95, 102, 132, 265
rice ragged stunt virus (RRSV)  

94, 95
rice tungro bacilliform virus 

(RTBV)  102, 103
rice tungro spherical virus  102
rinderpest (cattle plaque)  156
RNA  13, 18
 satellite  49, 246
 small interfering (siRNAs)  

170, 171
 splicing  84, 85
 structure  13, 66, 76, 77
 subgenomic  78, 79, 96
RNA-based vaccines  178, 179
RNA-dependent RNA 

polymerase   
76, 80, 132, 152, 158

RNA genome see RNA virus(es)
RNA interference   

170, 171, 178, 180
RNA Pol II  89
RNA polymerase  65, 76, 201
 RNA-dependent   

76, 80, 132, 152, 158
RNA primers  68
RNA silencing  162, 170, 171, 

178, 180, 188
RNA virus(es)  8, 13, 14
 dsRNA  14, 64, 80–81,  

94, 178, 246
 gene number  68
 highly variant populations  150
 host immunity evasion  178, 246
 innate immunity against  186
 microbe-associated molecular 

patterns  167
 mRNA formation, translation  

76, 78, 79, 80, 81, 82, 96
 mutations  67, 76, 136,  

138, 139, 152
 naked RNA  32
 natural selection  138
 particle sizes and numbers  81
 protein synthesis strategies  79
 quasispecies  158
 recombination  144
 retroviruses  14, 38–39, 48
 ssRNA(-)  13, 14, 38–39,  

58, 82, 152
 ssRNA(+)  13, 14,  

38–39, 48, 82
RNA virus replication   

76–88, 171
 dsRNA viruses   

64, 80–81, 94, 178, 246
 intermediate dsRNA  83
 packaging of genome  80, 81
 retroviruses   

14, 64, 84–85, 86, 100
 ssRNA(-) viruses  78, 79, 83
 ssRNA(+) viruses  82, 96
 in viroplasms  78, 80, 83
rolling circle method, replication  

50, 58, 60, 74, 75
 viroids  89
rolling hairpin replication  74, 75
Rosy Apple Aphid (Dysaphis 

plantaginea)  230
Rous, Peyton  100
Rous sarcoma virus (RSV)   

100, 101

Saccharomyces cerevisiae virus 
L-A (ScV-L-A)  15, 246, 247

SARS-CoV (severe acute 
respiratory syndrome 
coronavirus)  259, 260

SARS-CoV-2  2–3, 8, 28–29, 
261–63

 infection cycle and replication  
262, 263

 instability  106, 262
 mutations  67, 262
 origin (possible)  46, 261
 pathogenic mechanism   

262, 263
 RNA-based vaccine  178, 179
 spike protein  67, 261–62, 263
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 transmission  106, 116
 waves, and variant names  262
 see also COVID-19 (pandemic)
satellite RNA  49, 246
satellite viruses  49, 58, 59, 126
sea
 gene transfer among  

microbes  197
 impact of viruses   

197, 198, 216
 microbes in and biomass   

196, 197
 viruses in  36, 40–41, 52,  

196–98, 216
severe acute respiratory syndrome 

(SARS)  259–63
severe acute respiratory syndrome 

coronavirus (SARS-CoV)  
259, 260

severe acute respiratory syndrome 
coronavirus 2 see SARS-
CoV-2

shapes of viruses   
32, 33, 34–35, 37

Silverleaf Whiteflies (Bemisia 
tabaci)  212, 272

simian immunodeficiency virus  
205, 270, 271

single-celled organisms,  
viruses of  39, 52

size of viruses  32, 33, 50, 52, 184
small interfering RNAs (siRNAs)  

170, 171
smallpox  174, 175, 209, 232
 eradication, progression   

175, 184
 vaccination  175, 184
sneeze  113
soilborne viruses  43, 118
Sour Orange rootstock  265
soybeans  146
Spanish flu  252–55
species jumping   

148, 156, 214, 250, 268
 HIV evolution from SIV  270
species of viruses, number  36
splicing  84, 85
spread of viruses  

see transmission; travel
St. Augustine decline  118, 126
stability of viruses  113
strand-displacement replication 

method  68, 72

stress, viruses protecting host from  
228–31, 240

structure of viruses  13, 16, 34–35
subgenomic RNA strategy   

78, 79, 96
subviral entities  49, 89
susceptibility to infections  165
symbiogenesis  222–25
symbionts, viruses as  222
symbiosis  222–25, 229
syncytin  56, 223
synechococcus virus Syn5   

216, 217
systemic acquired resistance  168

T cell(s)   
163, 169, 179, 180, 190

 memory cells  170
T cell vaccines  179
T-even coliphage  33
T4 bacteriophage  111
T7 phage  192, 193
taxonomic classification  

of viruses  15
Temlin, Howard Martin  23
temperature tolerance   

166, 228, 240
terrestrial viruses  42–47
thrips  199
tobacco etch virus (TEV)   

188, 189
tobacco mosaic virus (TMV)   

8, 15, 18, 19, 32, 78, 96–97,  
113, 143

 importance in virology  18, 96
 replication/protein synthesis  

79, 96
 resistance  96
tolerance, to infection  164, 165
tomato plants (Solanum 

lycopersicum)  49, 60, 208, 212
tomato spotted wilt virus  76
tomato yellow leaf curl China 

virus  43, 212, 213
topoisomerase  68, 70
torque teno virus 1 (TTV1)   

92, 93
transcription  13, 14
transfer RNA  76, 77
transfusion transmitted virus 

(TTV1)  92, 93
transgenic plant  188
translation  13, 80, 81

transmission of viroids  49
transmission of viruses   

29, 46, 54, 90, 113–16
 airborne  114, 115, 116, 128
 by aphids see aphids
 in bodily fluids  114, 115, 116
 bottlenecks during  145
 in droplets  115, 116
 early in infections  141
 food-/water-borne   

113, 114, 115, 116, 122
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