Essential Human Virology

Jennifer Louten
Kennesaw State University, Kennesaw, GA, United States

lllustrations by
Niki Reynolds

AMSTERDAM e BOSTON e HEIDELBERG ¢ LONDON ¢ NEW YORK ¢ OXFORD e PARIS
SAN DIEGO e SAN FRANCISCO e SINGAPORE ¢ SYDNEY e TOKYO

" 2

ELSEVIER

Academic Press is an imprint of Elsevier



Academic Press is an imprint of Elsevier

125 London Wall, London EC2Y 5AS, UK

525 B Street, Suite 1800, San Diego, CA 92101-4495, USA

50 Hampshire Street, 5th Floor, Cambridge, MA 02139, USA

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK

Copyright © 2016 Jennifer Louten. Published by Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or mechanical, including
photocopying, recording, or any information storage and retrieval system, without permission in writing from the publisher. Details on
how to seek permission, further information about the Publisher’s permissions policies and our arrangements with organizations such
as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher (other than as may be noted
herein).

Notices
Knowledge and best practice in this field are constantly changing. As new research and experience broaden our understanding, changes
in research methods, professional practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using any information,
methods, compounds, or experiments described herein. In using such information or methods they should be mindful of their own
safety and the safety of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any liability for any injury and/or
damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 978-0-12-800947-5

For information on all Academic Press publications
visit our website at https://www.elsevier.com/

aa Working together
—4AB8- (o grow libraries in
asviek | Book Md - Jeveloping countries

www.elsevier.com ¢ www.bookaid.org

Publisher: Sara Tenney

Acquisition Editor: Jill Leonard

Editorial Project Manager: Fenton Coulthurst
Production Project Manager: Edward Taylor
Designer: Matthew Limbert

Typeset by TNQ Books and Journals
wWww.tng.co.in


http://www.elsevier.com/permissions
https://www.elsevier.com/
http://www.tnq.co.in/

Preface

Essential Human Virology is intended to be an approach-
able and concise introduction to the field of virology. It
focuses on the conceptual framework that is needed for
students to understand the replication and transmission of
viruses and the diseases they cause in humans. Its goal is to
provide the essential foundations necessary to understand
more advanced molecular virology and scientific research
articles.

This textbook incorporates several techniques to facili-
tate student learning. The text purposefully uses increas-
ingly complex scientific language as the chapters progress
in an effort to gradually introduce students to the virologi-
cal terms and principles of the field. It incorporates over
250 figures that contain dynamic, full-color illustrations
and images to further engage visual learners in the material.
Integrated “Study Break™ questions allow students to gauge
their understanding as they read the chapter, and special
“In-Depth Look™ sections provide additional, detailed mate-
rial on related topics of high interest. At the conclusion of
each chapter, a “Summary of Key Concepts” reminds stu-
dents of the entirety of the material covered in the chapter.
The “Chapter Review Questions” give students the oppor-
tunity to test their recall of the important details and apply
them to bigger-picture scenarios. A list of “Flash Card
Vocabulary” is also included at the end of each chapter,
because a solid grasp of new terminology is paramount for
comprehension of virological principles. Two appendices at
the end of the book include a glossary and a list of abbrevia-
tions, allowing students to easily look up terms whenever
necessary.

In order to understand aspects of virology and viral
replication, students must already possess an understand-
ing of basic cellular and molecular processes. These top-
ics are usually covered in an introductory biology class and
further detailed in advanced cellular and molecular biology
classes. For students who may need a refresher on these

fundamentals, chapter “Features of Host Cells: Cellular
and Molecular Biology Review” reviews the central dogma
of molecular biology and notable cellular features that are
important for understanding viral replication strategies.
Because this information is interwoven throughout many
upper-level biology courses, most students—if not all—
benefit from a review of these principles.

This book covers several themes related to viruses.
Chapters “The World of Viruses,” “Virus Structure and
Classification,” “Features of Host Cells: Cellular and
Molecular Biology Review,” and “Virus Replication”
describe the characteristics of viruses and their detailed
replication strategies. Chapters “Virus Transmission and
Epidemiology,” and “The Immune Response to Viruses”
examine the interactions of viruses with individuals and
populations, including how viruses are combatted by the
host immune system, spread between individuals, and
disseminate within a population. Chapters “Detection
and Diagnosis of Viral Infections,” and “Vaccines, Antivirals,
and the Beneficial Uses of Viruses” introduce students to
traditional and newer methods of viral diagnosis, outline
current and experimental vaccines and antivirals, and
discuss the beneficial uses of viruses for gene therapy
and anticancer therapeutics. Chapter “Viruses and Can-
cer” examines those viruses that are associated with the
development of cancer. The next six chapters provide an
in-depth look into human viruses of clinical significance.
These chapters cover the replication strategy, pathobiology,
and epidemiology of influenza viruses, human immunode-
ficiency viruses, the hepatitis viruses, the herpesviruses,
poliovirus, and poxviruses. The final chapter highlights
examples of emerging diseases and their origins. Actual
case studies are incorporated into most chapters in order to
give students an opportunity to comprehensively integrate
the clinical, diagnostic, and epidemiological aspects of viral
infections.
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Instructor Companion Website

The online instructor companion website includes several
ideas and examples of activities that can be used to further
elaborate upon the topics covered in the textbook. For each
chapter, a Teacher Resources document provides a summary
of the chapter and its student learning objectives, using
Bloom’s taxonomy action verbs. This document includes
a study guide that can be provided to students, as well as
many examples of active learning instructional activities,
classroom discussion topics, presentation ideas, and related
videos and websites. Handouts, hands-on worksheets, and

a vocabulary crossword puzzle are also included, as well
as links to peer-reviewed research articles that correspond
to the material. The instructor can use these activities as a
supplement to the textbook for more advanced students or
in a “flipped classroom” or blended learning instructional
format. In addition, the companion website includes a lecture
presentation, image bank, and test bank for each chapter.
The website can be found here: www.booksite.elsevier.com/
9780128009475.
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Chapter 1

The World of Viruses

Consider the following cases:

e In Los Angeles, California, five men ranging in
age from 29 to 36 years old are hospitalized with
pneumonia (inflammation of the lungs) caused by
Pneumocystis carinii, a fungus. This sort of pneu-
monia in previously healthy individuals is extremely
rare and most often seen in people with severely sup-
pressed immune systems. All five men die of this con-
dition.

e In Hong Kong, a previously healthy three-year old boy
develops a fever, sore throat, and cough. He is hos-
pitalized, and less than a week later he dies of acute
respiratory distress syndrome, a condition that pre-
vents sufficient oxygen from getting into the lungs and
bloodstream. This was believed to be caused by inflam-
mation in his lungs. Sick poultry are also reported in
the area.

e A cruise ship departs on a 21-day trip from Washington
to Florida. During the trip, 399 of the 1281 passengers
come down with acute gastroenteritis, a sudden stomach
illness characterized by nausea, vomiting, and watery
diarrhea. The cruise ship is cleaned, but a total of 305
people come down with a similar illness during the next
three voyages of the ship.

What do these cases have in common? They are all real
cases of illnesses that were caused by viruses. The first
case above describes the first documentation of acquired
immune deficiency syndrome, or AIDS. Although it
sounds like the sick men were suffering from a fungal
infection, it was revealed 2 years later, in 1983, that AIDS
is caused by a virus, now known as the human immuno-
deficiency virus (HIV). HIV infects cells of the immune
system and causes the immune system to slowly decline
until it can no longer fight off pathogens, like the P. carinii
fungus that infected these men. Worldwide, 36.9 million
people are living with HIV, over 1 million people in the
United States alone.

In the second case, laboratory tests found that the
young boy was infected with the flu, which is caused by
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the influenza virus. The particular subtype was found to
be H5N1 influenza, which had previously been observed
only in birds. It can be dangerous when a virus jumps
to a new species, because as a population, the new spe-
cies has never been exposed to the virus and so no indi-
viduals will have built up immunity against it. As such,
the virus has the potential to spread quickly and cause
severe effects. In this case, 18 individuals in Hong Kong
ended up with the H5NI1 influenza infection, which
they acquired through direct interaction with chickens
at open-air markets. It was soon discovered that 20%
of the chicken population in Hong Kong was infected
with this subtype of influenza, and considering the 30%
death rate they had so far observed, the government
decided to prevent further human exposure to the virus
by slaughtering the 1.5 million live chickens found in its
markets and poultry farms. This effectively stopped the
spread of the virus into any additional humans, but the
threat always exists that a similar situation could occur
again.

In the final case, passenger stool samples tested posi-
tive for Norwalk virus. This type of virus causes diarrhea
and vomiting and is very easily transmitted from person
to person through the ingestion of contaminated food and
water or aerosolized particles, like those that might be gen-
erated by flushing a toilet. The virus is difficult to inac-
tivate; alcohol-based hand sanitizers are not completely
effective against the virus, so cleaning with a bleach solu-
tion is the preferred method. In addition, only a few virus
particles need to be ingested to cause illness, which may
explain why passengers on subsequent cruises also came
down with the illness, even though the ship had been dis-
infected before their trip. Norwalk virus outbreaks do not
occur solely on cruise ships; each year, there are an esti-
mated 20 million cases in the United States of gastroenteri-
tis caused by this virus.

These three cases are just a few examples of the diseases
that viruses can cause. In the following chapters, we will
explore how viruses replicate, are spread, and cause a vari-
ety of diseases in humans.
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In-Depth Look: The Difference Between “Virus” and
“Virion”

Many people use the word “virus” and “virion” interchange-
ably, but the two words have subtle but important differ-
ences. The word “virion” is used to describe the infectious
virus package that is assembled. It is the extracellular form of
the virus, also referred to as a virus particle, that is released
from one cell and binds to the surface of another cell.

On the other hand, the word “virus” refers to the bio-
logical entity in all its stages and the general character-
istics that differentiate it from another infectious entry.
Rhinovirus and Epstein—Barr virus are two different entities
with different properties. These viruses have different genes,
structures, and methods of infection—they have different
characteristics that differentiate them from each other and
from other viruses.

You may be infected with several different viruses at one
time, and you likely have millions of virions present in your
body from each one.

An analogy to describe the difference between “virus”
and “virion” is FedEx and UPS are shipping companies with
different properties. They have different revenues, different
administrations, different logos, and different business mod-
els. When you see a UPS or FedEx truck passing by, however,
you are not seeing the company (the virus)—you are seeing
how the company’s goods get transported from one loca-
tion to another (the virions). Each company has thousands
of trucks delivering goods at any one time, just as each viral
infection will generate millions of virions that spread the
virus.

1.1 THE IMPORTANCE OF STUDYING
VIRUSES

We study viruses and the diseases they cause for a variety
of reasons. First, viruses are everywhere. They are found in
all of our surroundings: the air, the ocean, the soil, and in
rivers, streams, and ponds. They are present wherever life
occurs, and it is thought that every living thing has a virus
that infects it.

So how many viruses are there? There are around 3000
documented species of viruses that infect a range of living
organisms, although there are thousands of different strains
and isolates within these species, and thousands more
viruses that remain to be discovered.

As described in the In-Depth Look, an infectious virus
particle is called a virion, and when a cell is infected
with a virus, millions of these infectious particles are cre-
ated and released from the cell to infect other cells. How
does the number of individual virions compare to other
things found in high abundance around us? There are an
estimated 10'8 grains of sand on Earth and 1023 stars in
the Universe, yet neither of these numbers compare to the
number of virions found on Earth. If you multiplied the
number of stars in the Universe 100million times, you
would have the number of infectious virus particles in the

world. With an estimated 103! total virions, viruses are the
most abundant biological entities on our planet. We know
that bacteria are abundant and everywhere, but there are 10
times more virions on Earth than bacteria! It is important
that we continue trying to understand the viruses that are
constantly around us.

All living organisms have a relationship with viruses.
Viruses have been around since the beginning of life on
Earth and have shaped the course of human evolution and
history. The stela shown in Fig. 1.1 A dates back to 1580-
1350BC and shows an Egyptian with a walking stick and
foot drop, a condition that prevents dorsiflexion of the foot
(lifting of the foot at the ankle). This is a common occur-
rence in people with poliomyelitis, caused by the poliovi-
rus, which causes this condition by infecting and damaging
motor neurons. The mummy of Ramses V, shown in Fig.

FIGURE 1.1 Viruses have existed as long as humans have. (A) An
Egyptian stela dating back to 1580-1350BC depicts a priest with a walk-
ing cane and foot-drop deformity, attributed to poliomyelitis. Photograph
by Ole Haupt, courtesy of Ny Carlsberg Glyptotek, Copenhagen. (B) The
mummy of Ramses V, who died in 1157 BC, exhibits a rash on the lower
face and neck that is characteristic of a smallpox rash. Photo courtesy of
the World Health Organization.



1.1B, shows evidence of smallpox-like lesions (seen on the
lower face and neck in the photograph), leading scientists
to believe he may have died of this poxvirus in 1157BC.
Viruses have been present as long as life has existed, and
there is persuasive evidence that viruses may even have
existed before life arose.

One of the most compelling reasons we are interested
in viruses, however, is because viruses cause diseases.
They cause conditions as simple as the common cold or
as complex as cancer. A virus can also cause an epidemic,
an outbreak where the virus infects many more individu-
als than normal and spreads throughout an area. Some of
the world’s worst epidemics have been caused by viruses.
As mentioned above, the effects of poliovirus have been
noted throughout history for thousands of years, but the
growth and urbanization of cities provided the conditions
that fueled epidemics of the virus (Fig. 1.2A and B). One
of the first major epidemics occurred in New York City in
1916 and resulted in over 9000 cases and 2343 deaths. In
the early 1950s, over 20,000 cases of paralytic polio (caus-
ing temporary or permanent paralysis) occurred each year
until, in 1955, the first polio vaccine was introduced and
cases dropped precipitously.

A pandemic ensues when a virus spreads throughout
a much larger area, such as several countries, a continent,
or the entire world. Reports and warnings from the Cen-
ters for Disease Control and Prevention (CDC) concerning
influenza may sometimes seem alarmist, but in late 1918,
a strain of influenza originating in the United States spread
throughout the entire world, killing 20-50 million people
(Fig. 1.2C). In the month of October alone, 195,000 Amer-
icans died of this influenza, and when the pandemic was
over, over 675,000 Americans had died from the effects of
the virus, more Americans than in all the wars of the cen-
tury combined. Most subtypes of influenza cause mild or
moderate respiratory symptoms, but some, like the 1918
influenza, can cause devastating effects. Although medi-
cine has advanced greatly in the last 100 years, surveil-
lance and vaccination is by far the most effective way to
prevent another pandemic of this magnitude. Scientific
research has led to the development of vaccines that have
greatly reduced the burden and death toll of many viral
diseases.

Although viruses can be harmful, research using viruses
has resulted in a wealth of information revealing how
systems work in living organisms. One very important
experiment involving viruses helped to verify that deoxyri-
bonucleic acid (DNA) is the molecule that encodes genetic
information. In the earlier half of the 20th century, scien-
tists were uncertain as to whether protein (composed of
amino acids) or DNA (composed of nucleotides) was the
hereditary instructions for cell development and function.
There are 20 different amino acids but only 4 different
nucleotides, so it was not unreasonable to think that amino
acids could encode more possible information than nucleo-
tides could. In 1944, Oswald Avery, Colin MacLeod, and
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POLIOMYELITIS

“All persons are forbidden to enter or leave these

FIGURE 1.2 Viruses can cause serious epidemics and pandemics.
Public health officials placed quarantine signs, like the one shown in (A),
on the houses of people with polio during epidemics. (Courtesy of the U.S.
National Library of Medicine.) (B) Polio can lead to temporary or perma-
nent paralysis. Muscle weakness or paralysis still present after 12 months
is usually permanent. (Photo courtesy of the CDC/Charles Farmer.) (C)
An influenza ward in a U.S. Army camp hospital in France in 1918, during
World War 1. (Courtesy of the U.S. National Library of Medicine.)
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Refresher: Important Biological Molecules
Deoxyribonucleic acid (DNA) is made of many nucleotides
bonded together. A nucleotide of DNA (Fig. 1.3A) is com-
posed of a sugar, called deoxyribose, with a phosphate group
attached at one end of the sugar and a base attached at the
other end. There are four different bases in a DNA nucleotide:
adenine, guanine, cytosine, and thymine (Fig. 1.3B). DNA is
double-stranded in all living organisms, and the bases in one
strand bond to the bases in the other strand (Fig. 1.3C). This is
known as a base pair. Adenine always bonds with thymine,
and guanine and cytosine always bond to each other.

(A) Phosphate (C)

Ribonucleic acid (RNA) is also made of nucleotides bonded
together, but the sugar used is ribose, rather than deoxyribose.
Uracil replaces the base thymine, and RNA is single-stranded,
not double-stranded (Fig. 1.3D). In living things, DNA is used as
a template for making RNA. DNA and RNA are nucleic acids.

Protein is a different biological molecule that is made of
amino acids bonded together (Fig. 1.3E). There are 20 slightly dif-
ferent amino acids, composed of carbon, hydrogen, oxygen, and
nitrogen. Two amino acids, methionine and cysteine, also contain
the element sulfur. Enzymes are a very important class of proteins.

(D)

(E)

DNA

RNA

a — T~~~

(B)

Adenine Thymine

Cytosine Guanine

Maclyn McCarty demonstrated that DNA is the molecule
that encodes inheritable traits. They were pursuing a topic
of research initially performed by Frederick Griffith, a Brit-
ish medical officer studying two strains of the bacterium
Streptococcus pneumoniae, which had caused epidemics
of pneumonia. The rough (R) strain did not cause disease
in mice, but the smooth (S) strain caused pneumonia and
killed the mice. In 1928, Griffith noted that if he killed the S
bacteria using high heat, there was something in that strain
that was taken in by living R bacteria that turned them into
the pneumonia-causing S bacteria. He called this the trans-
forming principle, although he did not know specifically
what molecule was taken in and transformed the R strain.

Avery, MacLeod, and McCarty followed up on Griffith’s
experiments in an attempt to identify this transforming prin-
ciple. They isolated the molecule that transformed the bac-
teria and found it to be DNA. While some scientists believed
their results, many were skeptical, arguing that the purified
DNA preparations may still have contained some proteins,
which they believed to be the true transforming principle.
As such, the scientific community was resistant to accept-
ing DNA as the genetic code.

FIGURE 1.3 Three important biological molecules: (A—C) DNA, (D) RNA, and (E) Protein.

Uracil

Over the next decade, the field slowly warmed to the
idea, and an experiment utilizing viruses conducted in 1952
provided the evidence that was needed to finally convince
the world. At Cold Spring Harbor Laboratory on Long
Island, New York, Alfred D. Hershey and his laboratory
technician Martha Chase were performing research with
bacteriophages (or phages), viruses that infect bacteria
(Fig. 1.4). They were working with a bacteriophage called
T2 that infects Escherichia coli, a bacterium found in the
gastrointestinal tract of mammals. T2 attaches to the E. coli
cell and injects into the chemical instructions to make more
T2 bacteriophages.

To test whether these chemical instructions were com-
posed of DNA or protein, Hershey and Chase used radioac-
tive phosphorus (32P) and radioactive sulfur (33S) isotopes.
Phosphorus is found in DNA but not in proteins, and sulfur
is found in proteins but not in DNA. Hershey and Chase
grew two cultures of bacteriophages, one in 32P and one in
35S (Fig. 1.5). Bacteriophages are composed of DNA sur-
rounded by a protein coat, so the bacteriophages grown in
32P incorporated it into their DNA, while the bacteriophages
grown in S incorporated it into their protein coats.



FIGURE 1.4 Bacteriophages. An electron micrograph of bacteriophages
attached to a bacterial cell. Courtesy of Dr. Graham Beards CC-BY-3.0.
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FIGURE 1.5 The Hershey—-Chase experiment. (A) Bacteriophages
were grown in cultures containing radioactive phosphorus (to label DNA)
or radioactive sulfur (to label proteins), and the two phage cultures were
allowed time to infect separate bacterial cells (B). After infection, a blender
was used to agitate the mixture and separate the phage shells from the cells
(C). The radioactive DNA remained in the cells while the radioactive pro-
teins were found with the bacteriophage shells (D), indicating that DNA
was the hereditary material.

After creating their two sets of bacteriophages, Her-
shey and Chase infected the bacteria with the 32P-labeled or
33S-labeled bacteriophages. They allowed time for the bac-
teriophages to infect and then used a blender to violently
agitate the cells, shearing off any of the phage still attached
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to the cell surface. When they used a centrifuge to sepa-
rate the cells from the empty phages, they found that the
35S-labeled proteins remained outside the cells, while the
32p-labeled DNA entered the cells. In addition, they noted
that some of the 32P was also incorporated into the next set
of bacteriophages produced in the cell. This experiment
showed that when the bacteriophages attached to the cells,
the DNA entered the cell while the protein coat remained
outside. The Hershey—Chase experiment used viruses to
confirm the Avery, MacLeod, and McCarty’s findings that
DNA, and not protein, is the genetic material. A year later,
in 1953, James Watson and Francis Crick presented their
double-helix model of DNA structure. Since that time,
numerous important scientific discoveries have been eluci-
dated through research with viruses.

Viruses have also been investigated for their use as
therapeutics. Nearly 100 years ago, Felix d’Herelle,
the man who coined the term bacteriophages, meaning
“bacteria eaters,” used these viruses for the treatment
of bacterial infections in a time when antibiotics did not
yet exist. Phage therapy declined after antibiotics were
introduced but has undergone a renaissance, as of late,
with the evolution of certain antibiotic-resistant strains of
bacteria. Viruses are also being used for gene therapy,
the delivery of DNA into cells to compensate for defec-
tive genes. Viruses have evolved ways to deliver their
genes into cells; in gene therapy, viruses are engineered
to deliver a normal copy of the defective human gene.
Gene therapy has great potential to cure many genetic dis-
eases, although there are currently procedural obstacles
that must be overcome before it can become a mainstream
treatment. These therapies will be discussed in detail in
Chapter 8, “Vaccines, Antivirals, and the Beneficial Uses
of Viruses.”

Study Break
Explain how bacteriophages were used to verify that DNA,
and not protein, encodes genetic information.

1.2 VIRUSES ARE NOT ALIVE

Virology is the study of viruses, how they replicate, and
how they cause disease. It may seem bizarre that virology
is a subset of biology—the study of life—because viruses
are not considered to be alive. They are, however, intricately
tied to the web of life here on Earth.

In order to understand why viruses are not alive, we
must revisit the characteristics of living things. To be con-
sidered alive, an organism must satisfy several criteria:

1. It must have a genome, or genetic material.

2. Ithas to be able to engage in metabolic activities, mean-
ing that it can obtain and use energy and raw materials
from the environment.
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R

It has to be able to reproduce and grow.

4. It must be able to compensate for changes in the external
environment to maintain homeostasis.

5. Populations of living organisms are also able to adapt to

their environments through evolution.

There is no question that viruses share some of these
characteristics. Every virus has genetic material, or a
genome, although viruses are a bit different because, unlike
living organisms that only have DNA genomes, viruses can
have genomes composed of DNA or RNA, depending upon
the virus. Many viruses also have high mutation rates that
lead to the evolution of the virus. For instance, if a person
with HIV is treated with one antiviral drug, the virus quickly
evolves into a strain that is no longer affected by the drug.
The influenza virus continuously acquires small mutations,
which is why the flu vaccine you received last year may
not protect you from this year’s flu. In fact, because viruses
mutate so quickly, they function as a great model for study-
ing and observing evolutionary change, which takes much
longer in living organisms.

Viruses do not, however, engage in their own meta-
bolic activities. Metabolism refers to the collective set
of biochemical reactions that takes place within a cell.
Biochemical reactions that break down substances to
generate energy are constantly taking place within each
cell of a living organism. This energy is used in other
parts of the cell for thousands of other reactions that are
necessary for the survival of the cell. Viruses, however,
are unable to perform these metabolic reactions while
outside a cell. In essence, they are inert particles that do
not have the ability to generate their own energy. They
use the cell’s energy and machinery to synthesize new
virus particles.

This brings us to the next characteristic of living
things: the ability to reproduce independently. To repro-
duce, a cell makes a copy of its DNA, expands in size, and
divides the DNA and cell in two. This is known as binary
fission in prokaryotes and mitosis in eukaryotes. Viruses,
however, do not reproduce in this way (Fig. 1.6). When a
virus particle enters the cell, it completely disassembles.
The viral nucleic acid encodes the instructions, and the
cell’s machinery will be used to make new infectious virus
particles (virions). The replication cycle of viruses func-
tions in the same way that a manufacturing factory (the
cell) receives a package with instructions (the virus) on
how to mass produce a new product, entirely from scratch,
that is then shipped to other locations after manufacturing.
All cells of living organisms arise from the growth and
division of a previously existing cell, and viruses do not
reproduce in this manner.

Homeostasis is a steady internal condition that is
exhibited by living organisms. For example, if energy
levels fall too low within a cell, it will compensate by
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FIGURE 1.6 Cell division versus viral replication. (A) Eukaryotic
cells make a copy of their genetic information and divide into two cells
through the process of mitosis. All cells arise from the growth and division
of previously existing cells. (B) Viruses, on the other hand, attach to cells
and disassemble within the cell. New virions are assembled from newly
made components and are released from the cell.

breaking down stored molecules to generate energy. If you
go outside in the winter with a T-shirt on, you start shiver-
ing so your muscles generate heat to warm you up, and
goose bumps on your skin raise the hairs on your arm in
an attempt to keep that heat near your skin. Living organ-
isms have mechanisms to regulate internal highs and lows
to maintain homeostasis, but viruses do not. As inert par-
ticles, they are unable to compensate for changes in their
external environment.

Despite not being alive, viruses still share many simi-
larities with living organisms. They are composed of the
same biological substances, such as nucleic acids or amino
acids, and their proteins are translated by ribosomes much
in the same way as living organisms. They play a role in
the cycling of energy and matter within ecosystems, and
some can quickly evolve, as described above. Within the
cell, viruses are far from inert: although they use the cell’s
energy, raw materials, and organelles, their nucleic acid
genome encodes the instructions to assemble new infec-
tious virions that are able to carry on the “life cycle” of
a virus.

It is interesting to note that viruses are thought to have
been around since the beginning of life itself. In fact, one
current hypothesis states that viruses were some of the pre-
cursors to life on Earth as we know it.

Study Break
What characteristics do viruses share with living organisms?
Why are they not considered to be alive?



1.3 THE ORIGIN OF VIRUSES

The question of how viruses arose is a difficult and much
debated issue. It is generally accepted that viruses appeared
around the same time that life began, and when new infor-
mation is discovered concerning the origin of life, the
hypotheses about the origin of viruses are also revisited.
The Earth was a very different environment when life is
thought to have originated, around 3.5billion years ago,
and it is a formidable challenge to uncover evidence from
that time period. More often, scientists reveal current or past
biological processes that help to explain how viruses may
have evolved over time. Based upon the evidence that we
currently have, there are three viable hypotheses on how
viruses originated:

1. The precellular hypothesis (or “virus-first” hypothesis)
2. The escape hypothesis
3. The regressive hypothesis

The Precellular Hypothesis, also known as the “virus-
first hypothesis,” proposes that viruses existed before or
alongside cells and possibly contributed to the develop-
ment of life as we know it. It is now thought that life may
have developed in an “RNA World” where RNA, instead of
DNA, was the first genetic material. RNA is easier to create
than DNA from the precursor chemicals that are thought to
have existed on the early Earth, and in present-day cells, the
sugar found in DNA, deoxyribose, is made from ribose, the
sugar found in RNA. To replicate, DNA also requires com-
plex protein enzymes, but RNA has the unique property that
it can encode genetic material and in some cases, like RNA
ribozymes, catalyse reactions much like a protein enzyme
does. In this way, RNA could have functioned as an enzyme
that copied an early RNA genome.

Many important molecules in the cell include RNA or
parts of it, such as ATP (used for energy) or the ribosome,
which assembles proteins and is composed of RNA. It is
thought that these might be conserved remnants of the cre-
ation of cells in an RNA World. Similarly, it is conceivable
that RNA viruses also originated in this RNA world, either
before or alongside RNA-based cells (Fig. 1.7A). All known
viruses require a host cell to replicate, however, so it seems
more likely that they developed alongside these primitive
cells, rather than as precursors of them.

It is presumed that DNA, being a more stable mol-
ecule, was selected for and eventually replaced RNA. An
interesting thought related to the precellular hypothesis is
that DNA first originated in RNA viruses, thereby giving
rise to DNA viruses, and that cells with DNA originated
from the infection of an RNA cell with a DNA virus (Fig.
1.7B). In this scenario, a DNA virus might have infected
an RNA cell and the genome of the virus continued to per-
sist within it, in the same way that the genomes of some
currently existing DNA viruses can. Eventually, the viral
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DNA might have picked up some of the host cell’s genes
and became the cell’s chromosome, resulting in a cell with
a DNA genome. Alternatively, the mechanisms used to create
DNA within the virus could have been adopted by the cell.

(A) RNA Viruses RNA Cell

(B) RNA Virus DNA Virus
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FIGURE 1.7 Variations of the virus-first hypothesis. The precellular
(or virus-first) hypothesis proposes that viruses initially developed before
or alongside cells in an RNA-based world (A). A variation of this hypoth-
esis (B) proposes that RNA viruses evolved into DNA viruses that infected
RNA cells, which eventually gained a DNA genome by using the viral
DNA or viral DNA-generating mechanisms. (C) A related version specu-
lates that the three Domains of life (Bacteria, Archaea, and Eukarya) may
have arisen from infection of cells with three distinct DNA viruses.
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Support for this idea came when the DNA polymerase
from an algae-infecting virus was found to be related to a
DNA polymerase found in eukaryotic cells. Taking this one
step further, it has been suggested that the three domains
of life—Bacteria, Archaea, and Eukarya—each arose inde-
pendently from the infection of cells with three distinct
DNA viruses (Fig. 1.7C).

Critics of the precellular hypothesis point out that all
viruses are parasitic and require a cellular host. Therefore,
it is unlikely that viruses could have existed before cells
because they would not have had a reliable source of the
materials they need to replicate. In addition, the majority
of viral genes are not found in cells, and one should expect
to see more similarities between cells and viruses if a DNA
virus was the origin of a cell’s genetic material.

The other two hypotheses for the origin of viruses pre-
sume that cells existed before viruses. The first of these is
called the Escape Hypothesis. This hypothesis proposes
that viruses are pieces of cells that broke away at one point
in time (hence they “escaped” from the cell) and gained the
ability to travel from cell to cell. By extension, the viruses
of Bacteria, Archaea, and Eukarya may have arisen from
distinct escape events within those three domains (Fig. 1.8).

The Escape Hypothesis gained popularity when trans-
posable elements were discovered. Transposable elements,
or transposons, are pieces of DNA that can physically move
from one location to another in the genome of a living organ-
ism. Some are only a few hundred nucleotides long, while
others span thousands of nucleotides. Initially thought to
be “junk DNA” with no apparent function, these transpos-
able elements make up nearly half of the human genome,
although many are no longer functional. Some of these
transposable elements have similarity to retroviruses, such
as HIV, which incorporate into the host’s DNA upon enter-
ing a cell. Supporters of the escape hypothesis point out
that retroviruses may have originated from the escape of
these transposable elements from the cell. Many retrovirus
genomes are also found permanently integrated into cel-
lular genomes as relics of past periods. Critics, however,
emphasize that the great majority of viral genes have no
homologous (evolutionarily similar) cellular counterpart,
so if viruses originated from escaped cellular genes, why
are not more cellular genes found in viruses, and where did
all these unique viral genes come from? It is more likely
that retroviruses infected cells and integrated into their
genomes, rather than retroviruses being derived from them.

The third current hypothesis to explain the origin of
viruses is the Regressive Hypothesis, which suggests that
viruses were once independent intracellular organisms that
regressed back to a less-advanced state where they were
unable to replicate independently. Two organelles currently
found within cells, namely the mitochondrion and the chlo-
roplast, are thought to have originated in this manner. Prec-
edent for this idea also comes from the world of bacteria,

organisms in the

Viruses that infect
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FIGURE 1.8 The escape hypothesis. The escape hypothesis proposes
that viruses arose from portions of cells that gained the ability to travel
from cell to cell. Viruses that infect cells within the three Domains of life
(Bacteria, Archaea, and Eukarya) may have arisen from cells within each
of those domains.

where certain bacteria such as Chlamydia and Rickettsia
require the intracellular environment of the cell to repli-
cate. Similarly, perhaps viruses were once living intracel-
lular organisms that dissolved their membranes to facilitate
easier access to cellular equipment and materials.

The discovery of a giant amoeba-infecting virus, in
2003, lended support to the regressive hypothesis. Mimi-
virus, short for “microbe-mimicking virus,” is so named
because of its size: at approximately 750nm in diameter,
the virus was initially thought to be a small bacterium
(Fig. 1.9A). It was the largest virus discovered at the time,
and a handful of larger viruses have since been characterized.
Mimivirus has one of the largest known viral genomes, at
over a million base pairs; by comparison, the average virus
has a genome composed of thousands or tens of thousands
of nucleotides. Its physical and genome size are strikingly
large, and several of the genes in the mimivirus genome
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FIGURE 1.9 The giant mimivirus. Mimivirus was first discovered in 1992 and initially thought to be a bacterium, due to its large size. Including
the protein filaments that project from its surface, mimivirus is about 750nm in diameter (A). Scale bar=200nm. (Image courtesy of Ghigo, E.,
Kartenbeck, J., Lien, P, et al., 2008. Ameobal pathogen mimivirus infects macrophages through phagocytosis. PLoS Pathog. 4 (6), 1000087,
http://dx.doi.org/10.1371/journal.ppat.1000087.) (B and C) Mimivirus, like other large complex DNA viruses, sets up virus factories (VF) within the
cytoplasm of a cell to facilitate the replication of the virus. Scale bar=5pm (B) and 3 um (C). (Image courtesy of Suzan-Monti, M., La Scola, B., Barrassi
L., Espinosa L., Raoult D., 2007. Ultrastructural characterization of the giant volcano-like virus factory of Acanthamoeba polyphaga Mimivirus. PLoS

One 2 (3), e328.)

resemble genes for creating proteins, suggesting that the
virus may have been able to create its own proteins at one
point in evolutionary time.

After infecting a cell, mimivirus and many large com-
plex DNA viruses set up so-called virus factories made of
cellular membranes, where the replication and assembly of
virions takes place (Fig. 1.9B and C). These factories con-
tain the enzymes necessary to copy the viral genome and
either contain or are in close proximity to ribosomes (for
making proteins) and mitochondria (for supplying energy
in the form of ATP). This scenario is reminiscent of the
Chlamydia reticulate body, a structure that the bacteria
form within a cell that is used as a factory to develop new
bacteria. The new bacteria infect new cells, and again form
reticulate body factories within the cell, similar to the viral
factories observed with infection by large complex DNA
viruses. It is possible that our characterization of viruses as
inert biochemical packages is too simplistic, and when we
observe inert virions outside the cell, we may actually only
be observing the infectious portion of the viral life cycle,
much in the same way that Chlamydia have an inert infec-
tious phase but new bacteria are produced in the intracel-
lular reticulate body.

Critics of the regressive hypothesis point out that
although a few mimivirus genes resemble genes in cells, the
majority are unlike any genes found in bacteria or eukary-
otic cells. If viruses were once parasitic cells, then more
viral genes should show similarity to the genes of currently
existing cells because they would have shared a common
ancestor at one point in time. Perhaps the few viral genes
that resemble cellular genes are not artifacts of a free-living
organism that evolved into a virus, but were instead sto-
len from the cell’s DNA at one point in time. Known as
horizontal gene transfer, there are many examples of viral
genes that are thought to have originated in this way.

Another criticism of the regressive hypothesis deals with
the manner in which viruses are replicated. As described above
and in Fig. 1.6, viruses are assembled completely from scratch,
rather than splitting in two like cells do. Even the Chlamydia
reticulate body divides repeatedly to generate the new bacteria
that are released from the cell. If viruses were once free-living
parasites, what situation could have caused such a major modi-
fication, different from every other living thing?

It is understandably much easier to brainstorm than test
new hypotheses concerning the origin of viruses. These
hypotheses will continue to be refined and modified as more
information is revealed from the characterization of known
viruses and the discovery of new viruses. The first viruses
that existed may have only remotely resembled the plentitude
of highly evolved present-day viruses. In any case, it is a dis-
tinct possibility that viruses have been continuously evolving
alongside life since it began, over three billion years ago.

1.4 THE DISCOVERY OF VIRUSES

Several important discoveries have contributed to the
identification of viruses as novel biological entities
(Fig. 1.10). In the mid-1800s, the French chemist Louis
Pasteur (Fig. 1.11A) performed some simple yet elegant
experiments to show that life does not arise through spon-
taneous generation, the belief at the time that living organ-
isms could spontaneously arise from nonliving matter. In
one experiment, Pasteur sterilized beef broth by boiling it in
a swan-neck flask, so named for the similarity of the flask’s
neck to that of a swan (Fig. 1.11B). The curved neck of
the flask allowed air to enter but trapped any dust or par-
ticles that might have contained microorganisms, and so the
broth remained clear and free of any microbes, even after
prolonged incubation. In contrast, the broth became con-
taminated if the top of the neck of the flask was broken off


http://dx.doi.org/10.1371/journal.ppat.1000087
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THE EARLY HISTORY OF VIROLOGY
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FIGURE 1.10 Timeline of important discoveries in the early history of virology.

PASTEUR

FIGURE 1.11 Louis Pasteur and the germ theory. French microbiologist
Louis Pasteur (A) conducted experiments with swan-neck flasks (B) in the
mid-1800s that convinced his contemporaries that life does not arise by spon-
taneous generation. Image of Pasteur courtesy of the U.S. National Library of
Medicine; swan-neck flask image courtesy of the Wellcome Library, London.
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FIGURE 1.12 Robert Koch. German physician and microbiologist
Robert Koch, considered the founder of bacteriology, developed and
published “Koch’s Postulates” in 1890 to aid in establishing whether a
microorganism is the direct cause of a disease. Image courtesy of the U.S.
National Library of Medicine.

and the bacteria-laden particles within the air were allowed
to enter the flask, thereby showing that microorganisms do
not spontaneously generate but are able to enter areas by
traveling through the air. At this point, the germ theory,
which states that infectious diseases are caused by micro-
organisms, gained support and was further substantiated by
the discovery of several disease-causing bacteria, such as
those that cause anthrax, cholera, and tuberculosis.

The German physician and microbiologist Robert Koch
(Fig. 1.12) was the first person to identify that the causative
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