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Virus taxonomy brings into sharp focus the debate about 
the true nature of viruses. A comprehensive classification 
system should define boundaries within what may at first 
appear as a continuum of properties. This is often most 
challenging at the level of genome sequence analysis.

The rules and processes that have been developed are unique 
to the science of virology, and necessary to accommodate the 
astonishing variety of viruses. There is now evidence that 
probably all organisms in the biological world may be infected 
by at least one virus. Indeed it has been estimated that viruses 
represent the most abundant biological entities on the planet, 
existing as pathogens or silent passengers in humans and other 
animals, plants, invertebrates, protozoa, fungi, and bacteria. 
To date more than 4000 different viruses and 30,000 different 
strains and subtypes have been recognized, with particular 
strains and subtypes often having significant public health 
importance. Several hundred different viruses are known to 
cause disease in humans, although this is a small fraction of 
those viruses encountered in the surrounding environment. 
Since all viruses, whatever the host, share the properties 
described in the preceding chapter, virologists have developed 
a single system of classification and nomenclature that covers 
all viruses—this is a system overseen by the International 
Committee on Taxonomy of Viruses (ICTV). One challenge 
of virus classification is to define evolutionary relationships 
between viruses when minor changes in molecular structures 
may give rise to pathogens with radically different properties 
(Fig. 2.1).

VIRAL TAXONOMY

Although it is hierarchical and at most levels reflects 
evolutionary relationships, the taxonomy of viruses is 
deliberately non-systematic—that is, there is no intent to 
relate all viruses to an ancient evolutionary root—in fact, 
there is good evidence for several separate roots. The earliest 
efforts to classify viruses were based upon host organism 
species, common clinical and pathological properties, tropism 
for particular tissues and organs, and common ecological  
and transmission characteristics. For example, viruses that 

cause hepatitis (e.g., hepatitis A virus, family Picornaviridae; 
hepatitis B virus, family Hepadnaviridae; hepatitis C virus, 
family Flaviviridae; and Rift Valley fever virus, family 
Bunyaviridae) might have been brought together as “the 
hepatitis viruses.” Such systems have now been superseded.

The initial principles for identifying and distinguishing 
different viruses involved giving equal weight to the 
importance of:

1.	 type of nucleic acid (DNA or RNA);
2.	 virion size, as determined by ultrafiltration and electron 

microscopy;
3.	 virion morphology, as determined by electron 

microscopy;
4.	 virion stability, as determined by varying pH and temper-

ature, exposure to lipid solvents and detergents, etc.; and
5.	 virion antigenicity, as determined by various serological 

methods.

This approach was practicable in the era before molecular 
biology, as these characteristics had already been determined 
for a large number of viruses, and thus these properties could 
be used to build a taxonomic framework. Subsequently it 
has been necessary in most cases to determine only a few 
characteristics in order to place a newly described virus into 
an established taxon, as a starting point for further work to 
define its relationship with other members. For example, 
an isolate from the respiratory tract of a child with croup, 
identified by negative contrast electron microscopy as an 
adenovirus, might be submitted immediately for serological 
identification—it would certainly turn out to be a member 
of the family Adenoviridae, genus Mastadenovirus (the 
adenoviruses of mammals), and would be serologically 
identified as one of the >50 human adenoviruses—or 
perhaps, it would turn out to be a new human adenovirus!

Nowadays, the primary criteria for delineation of the 
main viral taxa are:

1.	 the type, character, and nucleotide sequence of the viral 
genome;

2.	 the strategy of viral replication; and
3.	 the structure of the virion.

Chapter 2

Classification of Viruses  
and Phylogenetic Relationships
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Sequencing, or partial sequencing, of the viral genome 
provides powerful taxonomic information and now is often 
done very early in the identification process. Reference 
genome sequences for all viral taxa are available in 
public databases (e.g., GenBank, National Center for 
Biotechnology Information, National Library of Medicine, 
National Institutes of Health, Bethesda, Maryland, United 
States: <http://www.ncbi.nlm.nih.gov>). Such an approach 
in most cases allows one to immediately place a virus in a 
specific taxon.

The universal system of viral taxonomy recognizes 
five levels, namely order, family, subfamily, genus, and 
species. The names of orders end with the suffix -virales, 
families with the suffix -viridae, subfamilies with the suffix 
-virinae, and genera with the suffix -virus. The names of 
species also end with the term virus, either as a separate 
word or as a suffix (according to historic precedence). 
Lower levels, such as subspecies, strains, and variants, 
are established for practical purposes such as diagnostics, 
vaccine development, etc., but this is not a matter of formal 

FIGURE 2.1  Diagram illustrating the shapes and sizes of viruses that infect vertebrates. The virions are drawn to scale, but artistic license has been used 
in representing their structure. In some, the cross-sectional structures of capsid and envelope are shown, with a representation of the genome; with the 
very small virions, only their size and symmetry are depicted. Reproduced from King, A.M.Q., Adams, M.J., Carstens, E.B., Lefkowitz, E.J. (Eds.), 2011. 
Virus taxonomy, classification and nomenclature of viruses. In: Ninth Report of the International Committee for the Taxonomy of Viruses. Academic Press, 
London, with permission.

http://www.ncbi.nlm.nih.gov
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classification and there are neither universal definitions nor 
is there any standard universal nomenclature.

As of 2015 the universal taxonomy system for viruses 
encompasses seven orders, four of which contain human 
and animal pathogens (Picornavirales, Herpesvirales, 
Mononegavirales, and Nidovirales), and 78 families, 27 

of which contain human and/or animal pathogens, 348 
genera, and 2285 species of viruses (Table 2.1). This 
situation is constantly changing, and the interested reader 
should consult the ICTV website for updates (http://www.
ictvonline.org). The universal taxonomy system is nearly 
complete at the level of families and genera; that is, virtually 

TABLE 2.1  Major Families of Viruses Infecting Vertebrates—A Subset of the ICTV Universal Virus  
Taxonomy System, 2015

Family Subfamily Genus Type Species Viruses Infecting 
Humans

Double-Stranded DNA Viruses

Poxviridae Chordopoxvirinae Orthopoxvirus Vaccinia virus Smallpox (variola)

Capripoxvirus Sheeppox virus

Leporipoxvirus Myxoma virus

Suipoxvirus Swinepox virus

Molluscipoxvirus Molluscum contagiosum virus Molluscum contagiosum 
virus

Avipoxvirus Fowlpox virus

Yatapoxvirus Yaba monkey tumor virus Yaba monkey tumor virus; 
Tanapox virus

Parapoxvirus Orf virus Orf virus

Cervidpoxvirus Deerpox virus

Asfarviridae Asfivirus African swine fever virus

Iridoviridae Ranavirus Frog virus 3

Lymphocystivirus Lymphocystis disease virus 1

Megalocytivirus Infectious spleen and kidney 
necrosis virus

Alloherpesviridae Ictalurivirus Ictalurid herpesvirus 1

Herpesviridae Alphaherpesvirinae Simplexvirus Human herpesvirus 1 Herpes simplex viruses  
1 and 2

Varicellovirus Human herpesvirus 3 Varicella-zoster virus

Mardivirus Gallid herpesvirus 2

Iltovirus Gallid herpesvirus 1

Betaherpesvirinae Cytomegalovirus Human herpesvirus 5 Human cytomegalovirus

Muromegalovirus Murid herpesvirus 1

Proboscivirus Elephantid herpesvirus 1

Roseolovirus Human herpesvirus 6 Human herpesviruses 6 
and 7

Gammaherpesvirinae Lymphocryptovirus Human herpesvirus 4 Epstein-Barr virus

Macavirus Alcelaphine herpesvirus 1

Percavirus Equid herpesvirus 2

Rhadinovirus Saimiriine herpesvirus 2 Human herpesvirus 
8 (Kaposi sarcoma-
associated virus)

(Continued)

http://www.ictvonline.org
http://www.ictvonline.org
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TABLE 2.1  Major Families of Viruses Infecting Vertebrates—A Subset of the ICTV Universal Virus  
Taxonomy System, 2015

Family Subfamily Genus Type Species Viruses Infecting 
Humans

Malacoherpesviridae Ostreavirus Ostreid herpesvirus 1

Adenoviridae Mastadenovirus Human adenovirus C Human adenoviruses A–G

Aviadenovirus Fowl adenovirus A

Atadenovirus Ovine adenovirus D

Siadenovirus Frog adenovirus

Ichtadenovirus Sturgeon adenovirus A

Polyomaviridae Polyomavirus Simian virus 40 JC polyomavirus
BK polyomavirus; others

Papillomaviridae Alphapapillomavirus Human papillomavirus 32 Human papillomaviruses, 
many

Betapapillomavirus Human papillomavirus 5 Human papillomaviruses, 
many

Gammapapillomavirus Human papillomavirus 4 Human papillomaviruses, 
many

Deltapapillomavirus Europeam elk papillomavirus 1

Epsilonpapillopmavirus Bovine papillomavirus 5

Zetapapillomavirus Equine papillomavirus 1

Etapapillomavirus Fringilla coelebs papillomavirus

Thetapapillomavirus Psittacus erithacus timneh 
papillomavirus

Iotapapillomavirus Mastomys natalensis 
papillomavirus

Kappapapillomavirus Cottontail rabbit papillomavirus

Lambdapapillomavirus Canine oral papillomavirus

Mupapillomavirus Human papillomavirus 1 Human papillomaviruses 
1 and 63

Nupapillomavirus Human papillomavirus 41 Human papillomavirus 41

Xipapillomavirus Bovine papillomavirus 3

Omicronpapillomavirus Phocoena spinipinnis 
papillomavirus

Pipapillomavirus Hamster oral papillomavirus

Single-Stranded DNA Viruses

Parvoviridae Parvovirinae Parvovirus Minute virus of mice

Erythrovirus Human parvovirus B19 Human parvovirus B19

Dependovirus Adeno-associated virus 2 AAV 1–5

Amdovirus Aleutian mink disease virus

Bocavirus Bovine parvovirus Human bocaviruses 1–4

Circoviridae Circovirus Porcine circovirus 1

Gyrovirus Chicken anaemia virus

Anelloviridae Alphatorquevirus Torque teno virus TTV groups 1–5

  (Continued)

(Continued)
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TABLE 2.1  Major Families of Viruses Infecting Vertebrates—A Subset of the ICTV Universal Virus  
Taxonomy System, 2015

Family Subfamily Genus Type Species Viruses Infecting 
Humans

Reverse Transcribing Viruses

Hepadnaviridae 
(DNA genome)

Orthohepadnavirus Hepatitis B virus Hepatitis B virus 
genotypes A–H

Avihepadnavirus Duck hepatitis B virus

Retroviridae (RNA 
genome)

Orthoretrovirinae Alpharetrovirus Avian leukosis virus

Betaretrovirus Mouse mammary tumor virus

Gammaretrovirus Murine leukaemia virus

Deltaretrovirus Bovine leukaemia virus Human T-lymphotropic 
viruses 2 and 3

Epsilonretrovirus Walleye dermal sarcoma virus

Lentivirus Human immunodeficiency virus HIV-1 and HIV-2

Spumaretrovirinae Spumavirus Simian foamy virus

Double-Stranded RNA Viruses

Reoviridae Sedoreovirinae Orbivirus Bluetongue virus African horse sickness 
virus; Kemerovo virus

Rotavirus Rotavirus A Rotaviruses A–E; others

Seadornavirus Banna virus Banna virus

Spinoreovirinae Coltivirus Colorado tick fever virus Colorado tick fever virus

Orthoreovirus Mammalian orthoreovirus Mammalian 
orthoreoviruses 1–4

Aquareovirus Aquareovirus A

Cardoreovirus Eriocheir sinensis reovirus

Picobirnaviridae Picobirnavirus Human picobirnavirus Human picobirnavirus

Single-Stranded Negative-Sense RNA Viruses

Paramyxoviridae Paramyxovirinae Respirovirus Sendai virus Human 
parainfluenzaviruses  
1 and 3

Avulavirus Newcastle disease virus

Morbillivirus Measles virus Measles virus

Rubulavirus Mumps virus Mumps virus; Human 
parainfluenzaviruses 2 
and 4

Avulavirus Newcastle disease virus

Henipavirus Hendra virus Hendra virus; Nipah virus

Pneumovirinae Pneumovirus Human respiratory syncytial 
virus

Human respiratory 
syncytial virus

Metapneumovirus Avian pneumovirus Human metapneumovirus

(Continued)

  (Continued)
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TABLE 2.1  Major Families of Viruses Infecting Vertebrates—A Subset of the ICTV Universal Virus  
Taxonomy System, 2015

Family Subfamily Genus Type Species Viruses Infecting 
Humans

Rhabdoviridae Vesiculovirus Vesicular stomatitis Indiana virus

Lyssavirus Rabies virus Rabies virus; others

Ephemerovirus Bovine ephemeral fever virus

Novirhabdovirus Infectious haematopoietic 
necrosis virus

Filoviridae Marburgvirus Lake Victoria marburgvirus Lake Victoria marburgvirus

Ebolavirus Zaire ebolavirus Zaire; Taï Forest; Reston; 
Sudan ebolaviruses

Bornaviridae Bornavirus Borna disease virus Borna disease virus

Orthomyxoviridae Influenzavirus A Influenza A virus Influenza A virus

Influenzavirus B Influenza B virus Influenza B virus

Influenzavirus C Influenza C virus Influenza C virus

Thogotovirus Thogoto virus Thogoto virus

Isavirus Infectious salmon anaemia virus

Bunyaviridae Orthobunyavirus Bunyamwera virus Bunyamwera virus; 
California encephalitis 
virus; Oropouche virus; 
others

Hantavirus Hantaan virus Hantaan virus, Sin 
Nombre virus; others

Nairovirus Dugbe virus Crimean-Congo 
haemorrhagic fever virus

Phlebovirus Rift Valley fever virus Rift Valley fever virus; 
Sandfly fever Naples virus

Arenaviridae Arenavirus Lymphocytic choriomeningitis 
virus

Old World (Lassa virus); 
New World (Junin virus, 
Machupo virus, others)

Single-Stranded Positive-Sense RNA Viruses

Coronaviridae Coronavirinae Alphacoronavirus Alphacoronavirus 1 Human coronaviruses 
229E and NL43

Betacoronavirus Murine coronavirus Human coronavirus HKU1
SARS-related 
coronaviruses; MERS 
coronavirus

Gammacoronavirus Avian coronavirus

Torovirus Equine torovirus Human torovirus

Arteriviridae Arterivirus Equine arteritis virus

Roniviridae Okavirus Gill-associated virus

Picornaviridae Enterovirus Human enterovirus C Human enteroviruses A–D 
(including polioviruses)

Rhinovirus Human rhinovirus A Human rhinoviruses A–C  
(>100 serotypes)

  (Continued)
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TABLE 2.1  Major Families of Viruses Infecting Vertebrates—A Subset of the ICTV Universal Virus  
Taxonomy System, 2015

Family Subfamily Genus Type Species Viruses Infecting 
Humans

Erebovirus Equine rhinitis B virus

Hepatovirus Hepatitis A virus Hepatitis A virus

Cardiovirus Encephalomyocarditis virus

Aphthovirus Foot-and-mouth disease virus

Parechovirus Human parechovirus Human parechoviruses 
1–16

Kobuvirus Aichi virus Aichi virus

Teschovirus Porcine teschovirus

Sapelovirus Porcine sapelovirus

Senecavirus Seneca Valley virus

Tremovirus Avian encephalomyelitis virus

Avihepatovirus Duck hepatitis A virus

Caliciviridae Vesivirus Vesicular exanthema of swine 
virus

Lagovirus Rabbit haemorrhagic disease 
virus

Norovirus Norwalk virus Norwalk viruses

Sapovirus Sapporo virus Sapporo viruses

Nebovirus Newbury-1 virus

Astroviridae Mamastrovirus Human astrovirus Human astroviruses 1–8

Avastrovirus Turkey astrovirus

Togaviridae Alphavirus Sindbis virus Equine encephalitis 
viruses; Ross River and 
Barmah Forest viruses; 
Chikungunya virus; others

Rubivirus Rubella virus Rubella virus

Flaviviridae Flavivirus Yellow fever virus Yellow fever virus; Dengue 
viruses 1–4; Japanese 
encephalitis virus group; 
Tick-borne viruses; others

Pestivirus Bovine viral diarrhoea virus 
type 1

Hepacivirus Hepatitis C virus Hepatitis C virus, 7 
genotypes

Hepeviridae Orthohepevirus Orthohepevirus A Hepatitis E viruses 1–4

Unassigned

(single-stranded 
circular RNA)

Deltavirus Hepatitis delta virus HDV 1–8

  (Continued)
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all of the viruses mentioned in this book have been placed 
within a family and assigned to a genus, although there are 
some “floating genera” where family construction is not yet 
complete. Subfamilies are used only where needed to deal 
with very complex interrelationships among the viruses 
within a particular family.

Virus families are broadly divisible into those with 
DNA or RNA genomes respectively. Viruses within each 
family possess broadly similar genome structure, virion 
morphology, and replication strategy. Subfamilies are 
distinguished in cases where some members of a family can 
be grouped as possessing distinct and unique properties.

Orders are used to group together those virus families 
with related but distant phylogenetic properties (e.g., 
conserved genes, sequences, or domains). Again, since all 
viruses did not derive from a common ancestor, there is no 
intent to construct a unified viral evolutionary tree.

Genera are used to bring together viruses with clear, 
important evolutionary, and biological relationships, 
which are also usually reflected in antigenic, host range, 
epidemiological, and/or other relationships.

Species is the most important taxon in the systems used 
to classify all life forms, but it is also the most difficult to 
both define and use—this is especially the case with regard 
to viruses. In recent years the ICTV has determined criteria 
for defining virus species—different criteria are being used 
for different families. After some controversy, the ICTV 
recently redefined the term species:

A species is a monophyletic (“relating to or descended from 
one source or taxon”) group of viruses, whose properties 
can be distinguished from those of other species by multiple 
criteria. The criteria by which different species within a genus 
are distinguished shall be established by the appropriate Study 
Group. These criteria may include, but are not limited to, 
natural and experimental host range, cell and tissue tropism, 
pathogenicity, vector specificity, antigenicity, and the degree 
of relatedness of their genomes or genes…

Below the species level, the identification of particular 
lineages within an individual virus species is often 
extremely important because of clinical, epidemiological, or 
evolutionary significance. Such lineages may be designated 
as serotypes, genotypes, subtypes, variants, escape mutants, 
vaccine strains, etc. Many different conventions are used 
for naming at this level, depending on the virus involved—
these distinctions lie outside the remit of the ICTV.

Using the above taxonomic system brings a number 
of practical benefits, including (1) the ability to relate a 
newly found virus to similar agents that have already been 
described and thereby to anticipate some of its possible 
properties, and (2) the ability to infer possible evolutionary 
relationships between viruses. Even though there has been 
little disagreement over the use of this system at the order, 
family, or genus level, there has been considerable confusion 

at the species level, partly based in misunderstanding 
over the difference between the man-made taxonomic 
construction, the species, and the actual entity, the virus. 
In this book formal ICTV taxonomy and nomenclature will 
be cited, but virus names will be in the English vernacular.

The discovery of mimiviruses (a virus infecting the 
protozoan Acanthamoeba) in the last decade has challenged the 
traditional concept of virus. The mimivirus genome is able to 
direct much more than the replication of its own DNA genome, 
coding as it does for a large number of proteins with functions 
resembling some eukaryotic proteins and a large number 
of proteins of unknown function. At the time of writing, no 
mimivirus-like agent causing human illness has yet been found; 
still the discovery of mimiviruses has had a profound influence 
on our understanding of virus evolution and on our sense of 
what is yet to be discovered. A full discussion regarding the 
origin of viruses is outside the scope of this book, suffice it to 
say that some virologists argue that RNA viruses have evolved 
many aeons before the appearance of DNA viruses.

VIRAL NOMENCLATURE

Formal Usage

In formal usage, the first letters of virus order, family, 
subfamily, genus, and species names are capitalized and the 
terms are printed in italics. Further words making up a species 
name are not further capitalized unless they are derived from a 
place name (e.g., the species St. Louis encephalitis virus). The 
first letter of the names of specific viruses having the status of  
tentative species is capitalized, but the names are not italicized. 
In formal usage, the identification of the taxon precedes the 
name; for example: “… the family Paramyxoviridae” or “… 
the genus Morbillivirus.” The following are some illustrative 
examples of formal taxonomic usage:

Family Poxviridae, subfamily Chordopoxvirinae, genus 
Orthopoxvirus, Vaccinia virus, vaccinia virus, strain New York 
Board of Health Laboratories (Wyeth calf-adapted) [the strain 
that was used to produce smallpox vaccine in the United States].

Order Herpesvirales, family Herpesviridae, subfamily 
Alphaherpesvirinae, genus Simplexvirus, Human 
herpesvirus  1, herpes simplex virus 1, strain HF [a typical 
laboratory strain obtainable from the American Type Culture 
Collection].

Order Mononegavirales, family Rhabdoviridae, genus 
Lyssavirus, Rabies virus, rabies virus, strain CVS 11 [the 
“challenge virus standard” used in laboratories throughout 
the world, with passage history back to Pasteur’s laboratory].

Informal Usage

In informal vernacular usage, all terms are written in lower 
case script (except those derived directly from place names); 
these are not italicized, do not include the formal suffix, 
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and the name of the taxon follows the name. For example, 
“…the picornavirus family,” “…the enterovirus genus,” 
“poliovirus 1.”

One particular problem in vernacular nomenclature lies 
in the historic use of the same root terms in family and genus 
names—it is sometimes difficult to determine which level is 
being cited. For example, the vernacular name “bunyavirus” 
might refer to the family Bunyaviridae, to the genus 
Orthobunyavirus, or perhaps even to one particular species, 
Bunyamwera virus. The solution to this problem is to add an 
extra word to formally identify which taxon level is being 
referred to; for example, when referring vernacularly to 
Bunyamwera virus (capitalized, because the name derives 
from a place name), a full vernacular description would be 
“Bunyamwera virus, a member of the genus Bunyavirus in 
the family Bunyaviridae…” For each genus there is a type 
species assigned that creates a link between the genus and 
the species.

A second problem lies in what seems to be an arbitrary 
incorporation of the root term, “virus,” in some virus 
names and its separation as a detached word in others. For 
example, poliovirus  vs. measles virus. The basis for this lies 
in history—some, but not all, of the viruses isolated early 
on assumed the former name style, whereas most viruses 
discovered more recently have been identified using the 
latter style. In this book, we have tried to hold to the name 
style used most commonly for each virus, but since this is 
mostly a matter of vernacular usage the reader may often 
find variations.

GROUPINGS OF VIRUSES ON THE BASIS 
OF EPIDEMIOLOGICAL CRITERIA

There are other informal categories of viruses that are 
practical and in common usage, distinct from the formal 
universal taxonomic system and the formal and vernacular 
nomenclature. These are based upon virus tropism and 
modes of transmission. Most human pathogens are 
transmitted by either inhalation, ingestion, injection 
(including via arthropod bites), close contact (including 
sexual contact), or congenitally.

Enteric viruses are usually acquired by ingestion 
(fecal–oral transmission) and replicate primarily in the 
intestinal tract. The term is usually restricted to viruses that 
remain localized in the intestinal tract, rather than causing 
generalized infections. Enteric viruses are included in the 
families Picornaviridae (genus Enterovirus), Caliciviridae, 
Astroviridae, Coronaviridae, Reoviridae (genera Rotavirus 
and Orthoreovirus), Parvoviridae, and Adenoviridae.

Respiratory viruses are usually acquired by inhalation 
(respiratory transmission) or by fomites (inanimate objects 
carrying virus contagion) and replicate primarily in the 
respiratory tract. The term is usually restricted to viruses 
that remain localized in the respiratory tract, rather than 

causing generalized infections. Respiratory viruses are 
included in the families Picornaviridae (genus Enterovirus), 
Caliciviridae, Coronaviridae, Paramyxoviridae 
(genera Respirovirus, Rubulavirus, Pneumovirus, and 
Metapneumovirus), Orthomyxoviridae, and Adenoviridae.

Arboviruses (from “arthropod-borne viruses”) replicate 
in hematophagous (blood-feeding) arthropod hosts such 
as mosquitoes and ticks, and are then transmitted by bite 
to vertebrates, wherein the virus replicates and produces 
viremia of sufficient magnitude to infect other blood-
feeding arthropods. In all cases, viruses replicate in the 
arthropod vector prior to further transmission: thus, the 
cycle is perpetuated. The occasional passive transfer of 
virus on contaminated mouthparts (“the flying pin”) does 
not constitute sufficient grounds for a virus to be identified 
as an arbovirus. Arboviruses are included in the families 
Togaviridae, Flaviviridae, Rhabdoviridae, Bunyaviridae, 
and Reoviridae (genera Orbivirus and Coltivirus).

Blood-borne viruses are those that are typically 
transmitted by transfusion of blood or blood products, by 
sharing of intravenous injecting equipment, and by other 
mechanisms of parenteral transfer of blood or body fluids. 
Some are also transmitted by sexual contact (sexually 
transmitted viruses). This group includes hepatitis B, C, and 
D, HIV-1 and -2, HTLV-1 and -2, and other viruses can also 
be transmitted occasionally by this route.

Hepatitis viruses are grouped as such because the main 
target organ for these viruses is the liver. Hepatitis A, B, C, D, 
and E viruses each belong to completely unrelated taxonomic 
families.

Oncogenic viruses usually cause persistent infection 
and may produce transformation of host cells, which 
may in turn progress to malignancy. Viruses that have 
oncogenic potential, in experimental animals or in nature, 
are included in the families Herpesviridae, Adenoviridae, 
Papillomaviridae, Polyomaviridae, Hepadnaviridae, 
Retroviridae, and Flaviviridae.

TAXONOMY AND THE CAUSAL 
RELATIONSHIP BETWEEN VIRUS  
AND DISEASE

One of the landmarks in the history of infectious diseases 
was the development of the Henle–Koch postulates 
that established the evidence required to prove a causal 
relationship between a particular infectious agent and a 
particular disease. These simple postulates were originally 
drawn up for bacteria, but were revised in 1937 by Thomas 
Rivers and again in 1982 by Alfred Evans in attempts to 
accommodate the special problem of proving disease 
causation by viruses. In many cases, virologists have had to 
rely on indirect causal evidence, with associations based on 
epidemiology and patterns of antibody prevalence among 
populations. The framework of virus taxonomy, again, plays 
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a role, especially in trying to distinguish an etiological, 
rather than coincidental or opportunistic relationship 
between a virus and a given disease. Particular difficulty 
arises where a disease occurs in only a small fraction of 
infected individuals, where the same apparent disease can 
be caused by more than one different agent, and in various 
chronic diseases and certain cancers. These difficulties 
are confounded in many instances where diseases cannot 
be reproduced by inoculation of experimental animals, or 
where the discovered viruses cannot be grown in animals or 
cell culture: there may even be a “hit and run” relationship 
where the causative virus may no longer be present in the 
afflicted individual. Thus scientists have to evaluate the 
probability of “guilt by association,” a difficult procedure 
that relies heavily on epidemiological observations.

The Henle–Koch postulates were reworked again in 1996 
by David Relman and David Fredricks as more and more 
genomic sequencing criteria came to dominate the subject 
(Table 2.2). As a test of the value of these criteria, one can 
consider the level of proof that the human immunodeficiency 
viruses, HIV-1 and HIV-2, are the etiological agents of 
human acquired immunodeficiency syndrome (AIDS) (Table 
2.3). Early in the investigation of AIDS, before its etiology 
was established, many kinds of viruses were isolated from 
patients and many candidate etiological agents and other 
theories were advanced. Prediction that the etiological agent 
would turn out to be a member of the family Retroviridae was 
based upon years of research on animal retroviral diseases 
and many points of similarity with some characteristics of 
AIDS. Later, after human immunodeficiency virus 1 (HIV-1) 
was discovered, the morphological similarity of this virus 
to equine infectious anemia virus, a prototypic member of 
the genus Lentivirus, family Retroviridae, highlighted the 
usefulness of the universal viral taxonomic system and of 
animal lentiviruses as models for AIDS.

In other examples, the causal relationships of Epstein-
Barr (EB) virus to the disease infectious mononucleosis, 
and of Australia antigen (later known as hepatitis B surface 
antigen) to clinical hepatitis, were each established by 
matching serological evidence of acute infection with the 
timing of onset of clinical disease. Further, the complex 
role of EB virus in Burkitt’s lymphoma was investigated 
in a large prospective study carried out by the International 
Agency for Research on Cancer (IARC) on 45,000 children 
in an area of high incidence of Burkitt’s lymphoma in 
Africa. This showed that:

1.	 EB virus infection preceded development of the tumors 
by 7 to 54 months;

2.	 exceptionally high EB virus antibody titers often 
preceded the appearance of tumors; and

3.	 antibody titers to other viruses were not elevated.

In addition, it was demonstrated that the EB virus genome 
is always present in the cells of Burkitt’s lymphomas among 

TABLE 2.2  Fredricks and Relman’s Molecular 
Guidelines For Causal Association

1.	 Strength of the association. Are viral nucleic acid 
sequences detected in most (all) cases of disease?

2.	 Specificity of the association. Are viral nucleic acid 
sequences localized to diseased tissues, and not to 
healthy tissues? Is the frequency of virus infection reduced 
significantly in healthy individuals?

3.	 Response to treatment. Does the copy number of viral 
nucleic acid sequences fall with resolution of illness or 
effective treatment, and increase if the disease relapses?

4.	 Temporality. Does infection with the virus precede and 
predict disease onset?

5.	 Plausibility. Do the known biological properties of the virus 
make sense in terms of the disease?

6.	 Biological gradient. Is the amount of virus higher in 
patients with severe disease than it is in persons with mild 
disease? Is the amount of virus higher in diseased tissues 
than in healthy tissues?

7.	 Consistency. Are these findings reproducible by multiple 
laboratories and by multiple investigators?

TABLE 2.3  Application of Fredricks and 
Relman’s Guidelines to the Cause of Acquired 
Immunodeficiency Syndrome (AIDS)

1.	 Strength of the association. Infection with HIV is found in 
almost all cases that fit a clinical definition of AIDS.

2.	 Specificity of the association. Human immunodeficiency 
viruses are found preferentially in target organs (immune 
cells, lymphoid tissues). HIV infection is not found in 
healthy individuals, except for those who subsequently 
develop AIDS or those rare individuals considered long-
term non-progressors.

3.	 Response to treatment. Combination therapy against HIV 
lowers or completely eradicates circulating virus, resulting 
in increased CD4 cells, improved immune function, and 
significant long-lasting clinical improvement.

4.	 Temporality. HIV infection precedes and predicts disease 
onset in children born to infected mothers, in medical 
personnel infected via needle-stick accidents, and in 
recipients of blood transfusions from infected persons.

5.	 Plausibility. HIV infects and kills CD4+ T cells and 
macrophages. SIV causes AIDS in experimentally 
inoculated macaques.

6.	 Biological gradient. HIV-1 RNA load is highest in lymphoid 
tissues and brain (diseased tissues). HIV-1 RNA load 
predicts the rate of disease progression.

7.	 Consistency. These findings are consistently reproducible, 
worldwide.

African children, and that a malignant lymphoma can be 
induced in certain primates with EB virus or EB virus-
infected lymphocytes (see Chapter 9: Mechanisms of Viral 
Oncogenesis and Chapter 17: Herpesviruses).

Using a similar approach, Palmer Beasley and coworkers 
in Taiwan demonstrated unequivocally that persistent 
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hepatitis B infection increased the subsequent risk of 
primary liver cancer, but not other cancers, by approximately 
100-fold.

These studies are examples of important concepts now 
widely understood in situations where a virus has been 
shown to cause a specific disease, namely that not all 
cases of the infection may necessarily develop the clinical 
disease, and not all cases of the clinical disease may be 
caused by the particular virus in question. Thus, for many 
associations between a virus and a clinical disease, the 
concept of infection representing a “risk factor” is more 
appropriate than it being an absolute “cause.” It also now 
happens frequently using modern diagnostic methods, that 
viruses are recovered from individuals with some ongoing 
disease; however, careful work is essential in such cases to 
distinguish a true causative role from an unrelated infection 
of no clinical significance occurring at the same time.

GENOME SEQUENCING  
AND VIRUS EVOLUTION

The breath-taking advances in genome sequencing now 
enable the complete genomes of many hundreds of virus 
isolates to be sequenced in a matter of days, if not hours. 
Multiple sequence alignment and the construction of 
phylogenetic trees are now commonplace when virologists 
are confronted with either a potentially new virus or an 
isolate with new or unexpected properties. These data 
are rapidly challenging previous ideas about the origin 
and evolution of many viruses of medical importance. 
Detailed phylogenetic analysis of RNA viruses in particular 
sometimes provides unexpected answers that in turn 
create more questions; for example, hepadnaviruses share 
a similar reverse transcriptase-based replication strategy 
that is common to the caulimoviruses of plants—does this 
reflect a common ancestor or convergent evolution?

Deep evolutionary relationships among the higher 
virus taxa have led to the construction of several Orders—
the Herpesvirales, Mononegavirales, Nidovirales, and 
Picornavirales. The common conserved sequences 
employed here are at the lower limit of significance, but 

similarities in some functional and structural protein 
domains still appear among otherwise unrelated viruses 
in various taxa. Sequence analyses also suggest that it is 
unlikely that many more associations of diverse taxa will be 
found that warrant construction of further Orders.

At the other extreme, namely clarifying the phylogenetic 
relationships among viruses in the same taxa (i.e., families 
or genera), great progress is being made continually. 
For example, the origin of the 2009 influenza (H1N1) 
pandemic has been found to be complex indeed: the virus 
is a reassortant with genes from four different ancestral 
viruses—North American swine influenza, North American 
avian influenza, human influenza, and swine influenza 
virus typically found in Asia and Europe. Similarly, some 
member viruses of the family Bunyaviridae have been 
found to be natural reassortants with genes from known and 
unknown ancestors.

Thus, the development of a robust, yet flexible and 
continually evolving taxonomic system for viruses 
underpins, and gives structure to, all facets of research, 
management, and control of virus diseases.
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