YEARBOOK OF PHYSICAL ANTHROPOLOGY 46:14-46 (2003)

Role of Viruses in Human Evolution

Linda M. Van Blerkom

Department of Anthropology, Drew University, Madison, New Jersey 07940

KEY WORDS

ABSTRACT The study of viral molecular genetics has
produced a considerable body of research into the se-
quences and phylogenetic relationships of human and an-
imal viruses. A review of this literature suggests that
humans have been afflicted by viruses throughout their
evolutionary history, although the number and types have
changed. Some viruses show evidence of long-standing inti-
mate relationship and cospeciation with hominids, while
others are more recently acquired from other species, includ-
ing African monkeys and apes while our line was evolving in
that continent, and domesticated animals and rodents since
the Neolithic. Viral selection for specific resistance polymor-
phisms is unlikely, but in conjunction with other parasites,
viruses have probably contributed to selection pressure

Glossary

Acute life strategy: A strategy (similar to r-selec-
tion) in which a virus increases fitness by increasing
its reproductive rate (offspring produced per parent
generation). Often disease-associated, it is charac-
teristic of viruses with high mutation rates and the
ability to infect multiple host species. Viral trans-
mission tends to be horizontal and is more depen-
dent on host population structure and density than
it is for viruses using a persistent life strategy (Vil-
larreal et al., 2000).

Apparent competition: The process by which the
sharing of a common enemy (a predator or pathogen)
can lead to consequences similar to those of more
conventional forms of interspecies competition for
limiting resources (Holt and Lawton, 1994).

Coevolution: Reciprocal evolutionary change in in-
teracting species (e.g., host/parasite, predator/prey,
plant/herbivore, or mutualism), with changes in the
two species caused by mutual selective pressure.

Cospeciation: Parallel speciation of two organisms
with a close ecological association (e.g., host and
parasite), such that cladograms of the two are con-
gruent.

Endogenous retroviruses: DNA sequences, related
to those of infectious retroviruses, that are inte-
grated into host genomes and have lost the ability to
cause active infection; thought to be remnants of
ancient germ-cell infections, they have proliferated
and evolved by retrotransposition.

Error-catastrophe threshold: The level of critical-
copying fidelity below which (i.e., the base substitu-
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infectious disease; hominids; paleoepidemiology

maintaining major histocompatibility complex (MHC) diver-
sity and a strong immune response. They may also have
played a role in the loss in our lineage of N-glycolylneura-
minic acid (Neu5Ge), a cell-surface receptor for many in-
fectious agents. Shared viruses could have affected homi-
nid species diversity both by promoting divergence and by
weeding out less resistant host populations, while viruses
carried by humans and other animals migrating out of
Africa may have contributed to declines in other popula-
tions. Endogenous retroviral insertions since the diver-
gence between humans and chimpanzees were capable of
directly affecting hominid evolution through changes in
gene expression and development. Yrbk Phys Anthropol
46:14—-46, 2003.  © 2003 Wiley-Liss, Inc.

tion rate above which) viral genetic information can
no longer be maintained and nucleotide sequences
would become essentially random (Domingo and
Holland, 1994).

Gene capture: De novo gene acquisition via recom-
bination of a viral genome with that of the host or
another virus.

Host-linked evolution: A form of cospeciation, in
which well-adapted viruses living in single hosts,
through ancient association with them, have di-
verged and speciated along with their hosts. Isola-
tion of virus populations and selection pressure ex-
erted by the host are important factors in this
process, which results in a correlation between virus
and host phylogenies (Chan et al., 1997).

Hyperdisease: An extremely lethal disease intro-
duced into a region by a carrier species that is rela-
tively unaffected by it; at the same time, it is capable
of infecting a variety of other species with high mor-
tality rates and has the potential for causing their
extinction (MacPhee and Marx, 1997).

Modular evolution: Acquisition of new active genes
by recombination of specific nucleic acid sequences
or functional domains within genes; common in viral
evolution, with recombination occurring both be-
tween and within viral taxa.

Parasite-mediated competition: A form of appar-
ent competition, by which the sharing of a pathogen
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by two species can result in population decline, even
extinction, of one of the hosts, even in the absence of
resource competition (Holt and Pickering, 1985).

Persistent life strategy: A strategy in which a virus
increases fitness by increasing the survival time of
its offspring, thus enhancing persistence in an indi-
vidual host and the probability of transmission over
time. Characteristic of genetically stable viruses
that show cospeciation with their hosts, this strat-
egy is often associated with vertical or sexual trans-
mission. Latent infection, with the capacity of the
virus to reactivate, is a frequent result (Villarreal et
al., 2000).

Quasispecies: A virus population of closely related
but distinct genetic variants resulting from an error-
prone replication process (typical of RNA viruses, in
particular); a self-sustaining population of se-
quences that reproduce themselves imperfectly but
well enough to retain a collective identity over time,
but which also contain the potential to produce more
virulent strains (Eigen, 1993).

Zoonosis: An infection or infectious disease trans-
missible under natural conditions from other verte-
brate animals to humans; most zoonoses are dead-
end infections with little or no transmission among
human hosts.

INTRODUCTION

The study of human evolution has concentrated on
humans and their hominid® ancestors, without as
much attention to other organisms also evolving in
the same environments. But a population must con-
stantly interact with and adapt to these other organ-
isms if it is to survive and reproduce. Food species,
predators, and agents of infectious disease have all
played a role in human evolution, and among the
latter, viruses were probably particularly important.
As significant causes of morbidity and mortality, and
in their capacity to act as “molecular genetic para-
sites” (Luria, 1959), viruses are in a strong position
to influence the evolution of their hosts (May, 1995;
Villarreal, 1999; Balter, 2000). While this is well-
recognized in studies of the evolution of other organ-
isms (especially plants, e.g., Thompson and Burdon,
1992; Simms, 1996), the impact of infectious disease
on human evolution has not received the attention it
deserves (Swedlund, 2000). Yet viral parasites have
probably played an important role in human evolu-
tion (de Souza Leal and Zanotto, 2000). The purpose
of this paper is to review recent work in the molec-
ular genetics of human viruses and to assess the
extent to which viruses were significant parasites of
earlier hominids (and thus in a position to have
affected human evolution before the Neolithic). It
also speculates on the roles they may have played.

'This paper uses traditional taxonomic nomenclature, by which the
term “hominid” refers to humans and their bipedal relatives, while
apes and humans are included in the hominoids.

Haldane (1949) was among the first to suggest
that the struggle against infectious disease was an
important evolutionary process, and he described
some possible effects. A disease that kills or lowers
fertility is a likely selective agent. It can be an ad-
vantage or a disadvantage to a species in competi-
tion with others, even contributing to extinction.
Most species contain considerable genetic diversity
in their resistance against disease, and considering
the speed with which new pathogens evolve (in gen-
eral much faster than the host), it is in the best
interests of the host to be genetically diverse and
highly mutable in the loci concerned with disease
resistance. In the view of Haldane (1949), disease
may even favor speciation, by coupling this diversity
and mutability with geographic isolation. In addi-
tion, transmission requirements may have contrib-
uted to host population size and structure and be-
havioral characteristics such as negative reaction to
fecal odors.

As the scientific community became more aware of
“surprising biochemical diversity” (Haldane, 1949,
p- 329) in virtually every animal investigated, genet-
icists sought to explain it. Estimates of the propor-
tion of polymorphic loci ranged from 20-40% in
vertebrates and about 30% in humans (Selander et
al., 1970). Some suggested that interactions between
parasites and hosts played an important role in
maintaining this degree of polymorphism (Clarke,
1976). Hamilton et al. (1990) suggested that the
need for genetic diversity in a “host-pathogen arms
race” even contributed to the evolution of sexual
reproduction. We now know that this level of poly-
morphism (30%) is probably an underestimate,
based on incomplete sampling of rare mutations.
Given the frequency of DNA polymorphism (about
one in every 500 nucleotides), nearly all genes may
be polymorphic (Cavalli-Sforza et al., 1994). The
human genome is now estimated to contain between
two and three million single-nucleotide polymor-
phisms (SNPs), and even though less than 1% are
estimated to result in variation in proteins, this still
leaves enough to involve many more than 30% of the
estimated 20,000-30,000 human genes (Interna-
tional Human Genome Sequencing Consortium,
2003; Venter et al., 2003).

Disease-driven selective pressure is now consid-
ered a likely reason for the astonishing degree of
polymorphism in the major histocompatibility com-
plex (MHC), which codes for membrane glycopro-
teins [also known as human leukocyte antigens
(HLA) in humans] that play an important role in the
immune system by binding fragments of infectious
origin and presenting them to T-cells (Zinkernagel
et al., 1985; Howard, 1991). The importance of main-
taining this first line of defense against invading
pathogens is emphasized by the discovery that some
polymorphic alleles in the MHC system predate the
divergence between chimpanzees and humans, and
have been transmitted through speciation bottle-
necks via “trans-species selection” (Takahata, 1990).
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TABLE 1. Animal virus families

Family Description Evolution

Adenoviridae Medium-sized DNA viruses that cause respiratory and enteric Evolved along with warm-blooded animals;
infections in birds and mammals; numerous subtypes in subtypes diverged during evolution of
humans and other primates. primates (Song et al., 1996).

Arenaviridae RNA viruses, mostly zoonotic and maintained in rodent Long-term coevolution with rodent hosts;
reservoirs; spread via contact with infected rodent hominids unlikely to have encountered
secretions, e.g., Lassa fever and lymphocytic them before agriculture and permanent
choriomeningitis viruses. houses (Bowen et al., 1997).

Astroviridae RNA viruses with worldwide distribution in humans and Not much known about these yet.
other animals; water- and food-borne; significant cause of
diarrheal disease in developing countries.

Bunyaviridae Among larger RNA viruses, these are zoonotic and emerging; Originated in insects and coevolved with
mostly arthropod-borne (e.g., Rift Valley fever, California them; hantavirus phylogeny shows
encephalitis, Crimean-Congo hemorrhagic fever), except for coevolution with rodents and host-
hantavirus. switching (Zhao and Hay, 1997,

Vapalahti et al., 1999).

Caliciviridae RNA viruses with worldwide distribution in humans and Sequences show geographic similarities
other vertebrates; common cause of diarrhea in children; that transcend host relationships;
transmitted via contaminated food and water or uncooked readily move across species barriers;
shellfish. passed back and forth between humans

and domesticated animals (van der Poel
et al., 2000).

Coronaviridae Largest RNA viruses, infecting humans, cattle, pigs, rodents, Antigenic drift and recombination
cats, dogs, and chickens; common cause of colds in humans constantly produce new strains;
and a variety of conditions in other animals, primarily interspecies spread leads to episodic
enteric and respiratory; CV-like particles found in stools of evolution (Lai, 1995).
adult chimps, macaques, baboons, and marmosets.

Filoviridae RNA viruses that infect only vertebrates; contains two species Two species estimated to have diverged
(Ebola and Marburg) that cause acute fatal disease in 7-8 kya, and Ebola subtypes diversified
humans and other primates; reservoirs unknown. 1-2 kya (Suzuki and Gojobori, 1997).

Flaviviridae RNA viruses, including numerous arboviruses (e.g., yellow Mosquito-borne viruses originated in
fever, dengue, West Nile, tick-borne encephalitis), bovine Africa, have affected primates for a long
diarrhea, hog cholera, and hepatitis C-like viruses (HCV, time. HCV long-term presence in Africa
GBV-A, -B, and -C); GB-viruses widely distributed in as well, but infects only humans; GB-
simians. viruses show cospeciation with primates;

GBV-C had ancient association with
humans (Gaunt et al., 2001; Robertson,
2001).

Hepadnaviridae Hepatitis B viruses found in primates, New World rodents, May have cospeciated with primates;
and birds; among smallest viruses; contain partially double- human strains result of ancient
stranded circular DNA replicated via RNA intermediate and interspecies transmission in Africa; now
reverse transcriptase. found in isolated human populations in

both hemispheres (Simmonds, 2001).

Herpesviridae Large DNA viruses; most vertebrate species have at least one. Ancient divergence of subfamilies with
Three subfamilies alpha- (herpes simplex, varicella), beta- tissue specificity acquired early, at least
(cytomegalovirus), and gammaherpesvirinae (Epstein-Barr, 200 mya; have since coevolved in close
Kaposi’s sarcoma). All contain many strains found in other association with hosts (McGeoch et al.,
animals, including primates. 2000; McGeoch, 2001).

Orthomyxoviridae = Influenza subtypes A, B, and C; RNA viruses with segmented Subtype A appears to be ancient parasite
genomes that readily reassort, producing pandemic of aquatic birds; avian virus strains are
influenza A; wild A strains, maintained in avian hosts, also in “evolutionary stasis;” recent and
infect pigs, horses, and other mammals; subtypes B and C explosive evolution in pigs and humans
infect humans only. (Webster, 1997).

Papovaviridae Widespread and numerous viruses with very small circular Papilloma species and type diversity
DNA; include papillomaviruses that cause cutaneous or suggests a well-adapted parasite
genital lesions (e.g., warts, genital papilloma) and intimately associated with hosts for a
polyomaviruses (JC and BK viruses, simian virus-40) that long time and cospeciating with them;
infect kidney cells; highly species-specific; all mammal, bird, also coevolved with humans; can be used
and reptile species so far studied carry species-specific PVs, to trace migrations (Ong et al., 1993;
with most infected by several types; HPV and JC found in Van Ranst et al., 1995). JC is ubiquitous
nearly all human populations. human pathogen whose genotypes

diverged when human populations did
(Hatwell and Sharp, 2000).
Paramyxoviridae RNA viruses that include parainfluenza, mumps, Animal morbillivirus phylogeny matches

morbilliviruses (e.g., measles, distemper, rinderpest), and
many other viruses of humans and other animals; include
emerging viruses Nipah and Hendra; transmission
primarily by airborne droplet.

that of host species, but human viruses
probably resulted from recent
interspecies transmission from
domesticated animals (Norrby et al.,
1992).
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TABLE 1. (Continued)

Family Description Evolution

Parvoviridae Among smallest, simplest viruses known, with single-stranded Very species-specific; viral evolution
DNA genomes; widespread in many vertebrate and tightly linked to that of host (Shadan
invertebrate hosts; tend to infect rapidly dividing tissues and Villarreal, 1993), but not much
(mostly fetal, intestinal epithelial, and bone marrow). known about human parvoviruses.

Picornaviridae Several genera of RNA viruses: Aphthovirus (foot-and-mouth Diverse and numerous simian viruses are
disease), Cardiovirus (encephalomyocarditis), Enterovirus all from Old World primates and are
(Coxsackie, echo, polio), Hepatovirus (hepatitis A), closest known relatives of human
Parechovirus, and Rhinovirus (colds); last four genera infect enteroviruses; some picornaviruses may
mainly humans, with domesticated animal viruses probably have been long associated with humans
derived from human strains. (Gromeier et al., 1999).

Poxviridae DNA genome; largest and most complex viruses known; Origins of variola (smallpox) unclear; may
vertebrate subfamily includes large number of poxviruses be ancient hominid virus (like
infecting many animals (e.g., variola, vaccinia, cowpox, molluscum contagiosum) that recently
monkeypox, camelpox, fowlpox, sheep-and-goatpox, became more virulent, or may be more
swinepox) plus molluscum contagiosum virus of humans. recently evolved from African rodent
Many (e.g., cowpox, monkeypox) are maintained in rodent virus (Fenner et al., 1988; Tucker, 2001).
reservoirs.

Reoviridae “Respiratory enteric orphan” viruses, with double-stranded Rapid evolvers; members of various genera
RNA genomes; ubiquitous in nature, implying wide cell among most evolutionarily divergent
tropism, ubiquitous receptor; infect vertebrates (mammals, RNA viruses (Duncan, 1999); frequent
birds, reptiles, fish), invertebrates (insects, molluscs), and interspecies transmission and
plants; found in all mammals except whales; human reassortment of segmented genome give
varieties include rotaviruses, common cause of severe different trees for different genes and
diarrhea worldwide; major cause of mortality in young of close relationship between human and
many species; include many emerging viruses that cause nonhuman rotaviruses (Cunliffe et al.,
hemorrhagic fever, encephalitis, Colorado tick fever. 1997).

Retroviridae RNA viruses that reproduce using reverse transcriptase and a Great antiquity; retroviruses and retroid
DNA intermediate; subgroups include lentiviruses (e.g., elements found in all eukaryotes;

HIV, SIV); primate T-cell lymphotropic viruses (PTLV); infectious retroviruses found only in

endogenous retroviruses (ERV); in wide variety of vertebrates and may have evolved from

vertebrates, and can jump host species, sometimes across retrotransposons; extremely fast

wide phylogenetic distances mutation rates, but can also be very
stable (e.g., as integrated provirus);
some SIVs show evidence of cospeciation
with hosts, while others are result of
recent interspecies transmission (HIV-1
from SIV,,, and HIV-2 from SIV,,);
HTLV-I and -IT likewise from STLVs of
Asian macaques and bonobos,
respectively (Holmes, 2001; Salemi et
al., 2000).

Rhabdoviridae RNA viruses that include genus Lyssavirus (rabies) and Very ancient family; contains members
vesicular stomatitis virus; there are no specifically human that infect animals and others that
rhabdoviruses, but rabies is one of most dangerous infect plants; rabies appears derived
Z0Onoses. from lyssaviruses of African bats

(Amengual et al., 1997).
Togaviridae RNA viruses, mostly mosquito-borne and in genus Alphavirus, Evolved in insects; contain segments from

including a number of zoonotic viruses maintained in rodent
and bird reservoirs (e.g., Eastern and Western equine
encephalitis, Semliki Forest virus); also genus Rubivirus
(rubella), which is not vector-borne and infects only
humans.

plant viruses via recombination in insect
hosts (Lai, 1995). Origin of rubella not
known.

While such positive selection is still believed to have
maintained many MHC allelic lineages, the sharing
of MHC polymorphisms by different mammalian or-
ders and even some within the primates (e.g., be-
tween humans and New World monkeys) may be the
result of convergent evolution (Yeager and Hughes,
1999; Kriener et al., 2000).

Zoologists now recognize that infectious diseases
may mediate “apparent competition” between spe-
cies and augment the danger of extinction (Hud-
son and Greenman, 1998; Daszak et al., 2000).
Some have even suggested a “hyperdisease” sce-
nario, involving infections carried by migrating
humans or their dogs, to explain Pleistocene

megafaunal extinctions (MacPhee and Marx,
1997).

Yet another way in which pathogens can affect the
evolution of their hosts is through direct interaction
with host DNA. By virtue of their simplicity and
their need to use host-cell replication and transcrip-
tion machinery, viruses act as “molecular genetic
parasites” (Luria, 1959) and may alter host genomes
through such mechanisms as recombination, retro-
transposition, and gene conversion. While lasting
effects are more frequent in unicellular hosts and
plants, ancient germ-cell infections by retroviruses
have left their mark on human and other primate
genomes (Sverdlov, 2000).
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Before one can judge the likelihood of any of these
processes contributing to human evolution, one
must determine whether our hominid ancestors suf-
fered significantly from infections, whether they
could have been significant causes of morbidity or
mortality (and thus agents of selection), and what
kinds of parasites may have been involved.

The study of human disease history has tended to
assume an epidemic disease model and a focus on
human ecology and population history, with most
infectious diseases considered to have evolved since
the increased size and concentration of human pop-
ulations in the Neolithic (Cockburn, 1967b; Burnet
and White, 1972; Armelagos and Dewey, 1978). The
impact of parasitism before that time was not con-
sidered very important, as it appeared to be re-
stricted to chronic latent infections unlikely to cause
serious disease and the occasional zoonosis (disease
of another animal species). Meanwhile, the influence
of disease on human affairs since the Neolithic was
acknowledged to have been considerable (McNeill,
1976). Humans were assumed to have had few viral
diseases before the Neolithic (Burnet and White,
1972), but studies of antibodies in isolated South
American tribes suggested that small isolated
groups had their share of infections (Neel et al.,
1964, 1968; Black, 1975), and Cockburn (1967a) rec-
ognized the presence of many viruses in wild pri-
mates and thus, probably, in our ancestors. Perhaps
infectious agents, and viruses in particular, were
more important than we thought.

Recent advances in molecular virology have pro-
vided a gold mine of information about the evolu-
tionary history of the most important human vi-
ruses, and this allows one to decipher when they
might have entered our line (Zimmer, 2001). Deep
phylogenetic branches, high genetic diversity, global
distributions, and trees showing cospeciation with
primate hosts all suggest ancient association of
many viruses with humans, while close relation-
ships with viruses infecting other species (especially
rodents and domesticates) suggest more recent ac-
quisition of others. The ease with which our species
acquires emerging infections from other primates
points to the importance of these zoonoses as a
source of human disease, both now and in the past.
When mapping the evolutionary relationships of hu-
man and animal viruses, one obtains a different
picture depending on whether the viruses in ques-
tion are DNA-based, RNA-based, or replicated using
reverse transcriptase, so these types are discussed
separately.

THE EVOLUTION OF HUMAN VIRUSES

Animal viruses are grouped into a number of fam-
ilies, based on the nature of the viral genome (DNA
or RNA, single- or double-stranded, positive or neg-
ative strand) and how it is replicated (Table 1).
These factors determine many of their basic proper-
ties, including modes and rates of change, which in

turn influence their histories of association with
hominids and possible effects on human evolution.

DNA viruses

DNA viruses include both the largest (poxvirus)
and smallest (hepatitis B) animal viruses, and there
is some variability in the characteristics of this
group. All except the Parvoviridae have double-
stranded DNA genomes, like the cells they infect.
This similarity in structure and replication gives
DNA viruses a very intimate molecular relationship
with their hosts, especially viruses that replicate in
the nucleus, which are capable of recombination
with host genomes and horizontal gene transfer
(Morse, 1994; Villarreal, 1999). DNA viruses tend to
be more species-specific, with narrower host ranges
than RNA viruses. Mutation rates are slower than
those of RNA viruses, on the order of only 10-100
times as fast as host rates. Many have adopted a
“persistent life strategy” whereby the virus in-
creases fitness by increasing the survival time of its
offspring, thus increasing probability of transmis-
sion. This strategy results in chronic, latent infec-
tions with long periods of infectivity and the ability
to persist in small host populations (although “per-
sistent” refers to persistence in an individual host;
Villarreal, 1999). DNA viruses thus tend to be sta-
bler and older than RNA viruses, and their phylog-
enies often show a pattern of cospeciation with their
hosts.

A word of caution, however: one must be careful
applying molecular clocks to viral phylogenies; good
molecular clocks cannot be assumed (Gibbs, 1987;
Simmonds, 2001). Viral evolutionary rates are not
constant, and even if they were, high mutation rates
lead to underestimation of genetic distances due to
homoplasies, reversions, and multiple substitutions
at a single site (Brown, 1994). This is particularly
problematic for rapidly mutating RNA viruses (more
below), but must also be a concern when estimating
timescales for the deeper branches on DNA viral
trees (McGeoch and Davison, 1995; McGeoch et al.,
1995). But in general, DNA viruses, with their
slower mutation rates, yield clearer evolutionary re-
lationships extending further back in time.

Early hominids most likely carried several kinds
of DNA viruses, from the families Herpesviridae,
Papovaviridae, Adenoviridae, and Parvoviridae.
Most animals carry members of these groups, and
our ancestors would have been no exception.

The mammalian herpesviruses have been espe-
cially well-studied, and we now have a detailed pic-
ture of their evolution (McGeoch and Davison,
1999a; McGeoch et al., 2000; McGeoch, 2001; Davi-
son, 2002). These large, complex DNA viruses have
mutation rates comparable to those of cellular DNA.
Observed mutation rates for alphaherpesviruses are
compatible with estimated rates based on cospecia-
tion with their hosts, so assumption of a fairly con-
stant molecular clock appears warranted for this
group (McGeoch and Davison, 1995). A robust phy-
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Fig. 1. Phylogeny of mammalian herpesviruses. Composite
tree based on amino-acid sequences from eight genes. Viruses
that regularly infect humans are indicated by bold amd italicized
capitals. KSHV, Kaposi’s sarcoma herpesvirus; RFHV, retroper-
itoneal fibromatosis herpesvirus of macaques; Afr gr, African
green. Sources: McGeoch and Davison, 1999a; McGeoch et al.,
2000; McGeoch, 2001.

logeny of 48 viruses has been constructed, using
amino-acid sequences of eight viral genes and max-
imum-likelihood evaluation of sets of candidate
trees to create composite trees (for details of the
method, see McGeoch et al., 2000). Figure 1 shows
part of this phylogeny, concentrating especially on
the primate herpesviruses.

It is an ancient group, with representatives in
virtually all vertebrates (and at least one inverte-
brate). The family split into three branches with
different tissue tropisms (alpha-, beta-, and gamma-
herpesviruses) around the time that mammals di-
verged from reptiles. Each branch further subdi-
vided into at least two major sublineages before the
mammalian radiation of 60—-80 mya and subse-
quently cospeciated with their hosts (McGeoch et al.,
1995). Alphaherpesviruses show a tight correlation
with phylogenies of primates, ungulates, and carni-
vores, while betaherpesviruses cospeciated with pri-
mates and rodents, although few sequences and
hosts are as yet known for the group containing
HHV-6 and HHV-7 (McGeoch et al., 2000). Simi-
larly, we need more data on other primate viruses in
the gamma-1 sublineage containing Epstein-Barr
virus, but the gamma-2 sublineage contains many
viruses that have cospeciated with primates (Mc-
Geoch, 2001). Members of the HHV-8 subgroup have

been found in two species of macaques, African
green monkeys, chimpanzees, and gorillas, and
these viruses show the expected host-linked phylo-
genetic relationships (Greensill et al., 2000a,b; La-
coste et al., 2000). Thus it appears that hominids,
and perhaps all anthropoids, have been affected by
viruses in each of these sublineages throughout
their evolutionary history.

An interesting detail of herpesvirus evolution is
the differentiation of herpes simplex virus (HSV)
into two distinct types, oral and genital (HSV-1 and
HSV-2, respectively), about 8 mya (McGeoch et al.,
1995). As the type 1 alphaherpesviruses of nonhu-
man primates infect both oral and genital tissues
without any differentiation into separate strains,
this suggests microbiological isolation of the two
body areas in the hominid line. Some have proposed
changes in sexual behavior as an explanation, with
continual female sexual attractiveness and adoption
of face-to-face mating in the line leading to hominids
(Gentry et al., 1988). It might reflect increased dis-
tance between these two areas with the adoption of
bipedalism, although 8 mya is a bit too early, even
considering the recent discovery of a 6—7-million-
year-old putative hominid (Brunet et al., 2002), and
8 mya for the divergence of the two HSV types is
likely to be an underestimate. Like several other
viruses able to persist in small populations, HSV-1
is most commonly acquired in early childhood, from
mother to infant via infected saliva. HSV-2 is usu-
ally acquired in adulthood through sexual contact,
and both viruses can be transmitted by the oral-
genital or oral-anal route (Benenson, 1995). Perhaps
there were changes in social behavior and gestures
that resulted in less frequent oral-genital and oral-
anal contact, especially between mother and infant.
Related viruses in African apes remain to be discov-
ered, and further reflection on this point should
probably wait until we know whether they indeed
lack different oral and genital strains.

Sequence variation within human herpesvirus
strains uncovers relationships between viral geno-
types and ethnic groups reflecting Paleolithic migra-
tions (HSV-1, Umene and Sakaoka, 1999; HHV-8,
Hayward, 1999). HHV-8 is particularly interesting,
as highly divergent sequences at either end of one
strain’s genome suggest recombination about 100
kya with some unknown primate virus (XXX in Fig.
2), and a second more recent recombination about 35
kya in Europe or the Mideast (Hayward, 1999; Mc-
Geoch and Davison, 1999b; McGeoch, 2001). The
timing and location of this second event are sugges-
tive, inviting speculation that the source of the pre-
sumed ancestral MMM genotype may have been a
Neandertal (Hayward, 1999). Perhaps more likely is
that this ancestral virus was carried by one of many
lineages of modern humans that died out.

The Papovaviridae present a phylogeny similar to
that of the herpesviruses, with ancient branching
points and evidence of cospeciation (Ong et al., 1993;
Shadan and Villareal, 1993; Van Ranst et al., 1995;
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Fig. 2. Recombination in human herpesvirus-8. Capital let-
ters (e.g., PPP, BBP) refer to alleles (ORF-K1, ORF-75, ORF-K15)
carried by viral subtypes. PPP, original intact form of HHV-8.
MMM, hypothesized older variant carrying M-associated ORF-75
allele. XXX, unknown exotic HHVS8-like virus with highly di-
verged ORF-K15 allele. AAP, BBP, CCP, and DDP represent
variants with different alleles of ORF-K1. Dashed lines indicate
possible recombination events. Reprinted from Hayward (1999),
Fig. 5, with permission from Elsevier.

Chan et al., 1997). This family of very small DNA
viruses makes maximal use of minimal genomes by
using overlapping reading frames on both DNA
strands, thus putting a selective constraint on its
ability to mutate and resulting in slow rates of evo-
lution, on the same order as cellular DNA (Chan et
al., 1992; Hatwell and Sharp, 2000). It contains two
genera, Papillomavirus and Polyomavirus, which in-
fect a wide variety of vertebrates and are highly
species-specific. Figure 3 shows the relationships of
a few of the many viruses in this family. Again one
sees deep branches with different tissue tropisms
and long-term cospeciation with hosts. While non-
human primate viruses cluster with human viruses
according to tissue tropism rather than phylogeny of
the host, within these tropic subgroups, viral rela-
tionships mirror host phylogeny (Van Ranst et al.,
1995). The high degree of species and type diversity
within this family suggests a well-adapted pathogen
that has been closely associated with its hosts for a
long time (Chan et al., 1992). Molecular clock esti-
mates are not as robust for these viruses, however,
as most have not been as intensively studied as the
herpesviruses.

Like herpesviruses, papovaviruses produce inap-
parent chronic infections that have allowed them to
persist in small populations and migrate with them.
Both papilloma and polyoma genotypes reflect hu-
man geographic and ethnic groups (Fig. 4; Ho et al.,
1993; Ong et al., 1993; Van Ranst et al., 1995). JC
virus has proven particularly useful for tracing mod-

Mouse MnPV
Bovine BPV

L[——Deer DRV
Equine EPV

HPV-5
HPV-8
Colobus CGPV-2
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Rhesus RhPV-1
HPV-56
Rhesus RhPV-k
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Mouse polyoma
— Hamster polyoma

BK VIRUS
_|';_|: JC VIRUS

Simian SV40

Fig. 3. Phylogeny of mammalian Papovaviridae. Composite

tree constructed from phylogenies in Ong et al. (1993), Van Ranst
et al. (1995), Chan et al. (1997), and Shadan and Villareal (1993).
Viruses that regularly infect humans are indicated by bold amd
italicized capitals. Papilloma subtypes I and II infect cutaneous
tissue and include viruses that cause warts and other skin con-
ditions; subtype IV infects mucosal tissue and includes malignant
genital papillomaviruses HPV-16 and -18; subtype III contains
viruses that infect both types of tissue. Polyoma viruses infect
kidney cells.

Papillomavirus

Polyomavirus

ern population relationships, as it is a ubiquitous
human pathogen causing lifelong asymptomatic in-
fection in a large fraction of the population and is
generally transmitted through close contact of
mother to child. Thus it is a population marker
almost as definitive as mtDNA and can be used to
reconstruct prehistoric human migrations (Jobes et
al., 1998; Hatwell and Sharp, 2000; Stoner et al.,
2000; Sugimoto et al., 2002). In addition, analysis of
12 human papillomavirus types found limited diver-
sity, reflecting a severe pruning of the HPV tree and
suggesting an evolutionary bottleneck in both virus
and host approximately 100 kya (Stewart et al.,,
1996).

Other DNA viruses that have evolved along with
primates include the adenoviruses (Fig. 5), which
cause prolonged latent infections in birds and mam-
mals (Bailey and Mautner, 1994; Kidd et al., 1995;
and Song et al., 1996). Interpretation of adenovirus
relationships is complicated, however, by evidence of
recombination in its “virus-associated RNA” (VA
RNA), i.e., small, regulatory RNAs abundant in the
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Fig. 5. Phylogeny of primate adenoviruses. Composite tree
derived from phylogenies based on analysis of VA RNA and DNA
polymerase genes (Kidd et al., 1995; Song et al., 1996). A-F are
subgenera of primate adenoviruses; branch points between them
were derived from comparison of trees from all regions of genome
(Bailey and Mautner, 1994). Viruses that regularly infect humans
are indicated by bold and italicized capitals. Genetic distances are
not to scale.

cytoplasm of infected cells. Human and chimp
strains in subgenera B through E make two classes,
RNA-I and RNA-II, indicating a duplication of VA
RNA genes in a hominoid ancestor (at what point is
not clear; little is known about the adenoviruses of

other apes), with subsequent diversification of these
subgenera (Kidd et al., 1995). Subgenus C, however,
has a monkey-like RNA-I and chimp-like RNA-II,
indicating probable recombination between a hu-
man adenovirus and the macaque virus SAV13.
There is only one known human parvovirus, B19,
about which little is understood because it is difficult
to grow in culture. Two lines of evidence suggest
that it is an old and persistent hominid virus. First,
70-90% of most human populations are seropositive
for B19 (Gamble, 1997). Parvoviruses infect a wide
variety of vertebrates including primates, but the
relationships between B19 and nonhuman primate
viruses are not close enough to suggest recent inter-
species transmission (Parrish and Truyen, 1999).
Study of other species’ parvoviruses indicates high
species specificity and viral evolution tightly linked
to that of the host (Shadan and Villarreal, 1993).
It is probably safe to conclude that early hominids
carried viruses from these four families, and that
these viruses diversified and migrated along with
human populations. Viral phylogenies reflect evolu-
tionary relationships of their hosts, and relatively
slow mutation rates enabled them to evolve along
with the primates. Production of latent and subclin-
ical infections allowed these pathogens to persist in
the small populations that were probably typical of
earlier hominids. Viral genotypes reflect migrations
of anatomically modern humans, indicating close
acquaintance predating our species’ African exodus.
All the viruses discussed so far replicate in the cell
nucleus and use the same DNA-replicating machin-
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Fig. 6. Phylogeny of mammalian poxviruses. Approximate
relationships as presented in Blasco (1995), Douglas and Dumbell
(1996), and Senkevich et al. (1997). Viruses specifically adapted
to humans are indicated by bold and italicized capitals. *Main-
tained in nature in wild rodents.

ery as the host, thus promoting an intimate evolu-
tionary relationship.

Two other DNA virus families remain to be men-
tioned: Poxviridae and Hepadnaviridae. While pox-
viruses appear to be an ancient family that evolved
along with its nonhuman hosts (Fenner and Kerr,
1994), smallpox virus, or variola (genus Orthopoxvi-
rus), was probably acquired recently by humans,
perhaps during the Neolithic, as it follows an acute
strategy in humans (short-lived, virulent infection
in virtually all individuals it infects). It infects only
humans, however, so its source is unclear. Its closest
relatives are camelpox, gerbilpox, and monkeypox,
the latter maintained in a rodent reservoir, in spite
of its name (Douglas and Dumbell, 1996). Figure 6
shows some likely relationships among members of
this family, but these ultimately depend on where in
the genome one looks (Blasco, 1995). The world’s
remaining stocks of variola have been restricted
since the 1970s to two research centers in the US
and Russia, so the phylogeny of this virus is not as
well-studied, although researchers at the Centers
for Disease Control and Prevention (CDC) se-
quenced 10 strains and found that these sequences
were highly conserved (Stone, 2002). Because cam-
elpox and variola are very species-specific and inca-
pable of causing infection in the other host, and
because the genome of monkeypox is quite different
from that of variola, Fenner et al. (1988) did not
believe either of these was the source of the human
virus, but that it descended from a “protovariola”

that followed a more persistent strategy in earlier
hominids and became more virulent when human
populations increased. On the other hand, the close
relationship to gerbilpox suggests another possibil-
ity: a zoonotic rodent virus in Africa that evolved
into variola only after human populations became
large enough to support it (Tucker, 2001). Another
poxvirus, molluscum contagiosum (genus Mollusci-
poxvirus), appears to be an ancient, persistent hom-
inid infection (Senkevich et al., 1997).

The origin of vaccinia virus, the strain used in live
vaccines, is also unclear. It was assumed to be de-
rived from the cowpox virus used for vaccination in
1796 by Edward Jenner and propagated arm-to-arm
for more than 100 years, but modern strains are
distinct from cowpox and, in some areas of the ge-
nome, more closely related to variola and monkey-
pox (Blasco, 1995; de Souza Trindade et al., 2003).
Now that the remaining stocks of smallpox have
been spared destruction (for the time being) and
fears of its use in bioterrorism have focused atten-
tion on it, we may get more insight into the myster-
ies of these viruses’ evolution.

Hepadnaviruses replicate their DNA genomes via
RNA intermediates and a reverse transcriptase,
which makes them more similar to their cousins, the
retroviruses. Discussion of this group is thus post-
poned until we meet up with the retroviruses later.

RNA viruses

Most animal viruses (about 70%; Domingo and
Holland, 1994) carry their genomes in the form of
RNA, and these are quite different from their DNA-
based counterparts. Their replication is more error-
prone, with high base substitution rates by viral
enzymes that typically lack proof-reading ability, on
the order of 10°-10° times the rates for DNA viruses
and cellular genomes (Simmonds, 2001). Mutation
rates are even greater for retroviruses, whose re-
verse transcriptases operate close to the error catas-
trophe threshold, the level of critical-copying fidelity
below which information can no longer be main-
tained and the nucleotide sequences of viral RNA
would become essentially random (Domingo and
Holland, 1994). Fast mutation rates help keep RNA
viruses fairly small, as larger genomes could not
sustain these rates of change and still remain capa-
ble of replicating. Many RNA viruses also undergo
frequent recombination via “copy-choice” (in which
the RNA polymerase switches templates during rep-
lication), and those with segmented genomes (e.g.,
influenza) can reassort (Morse, 1994). All this re-
sults in a sort of “modular” evolution for these vi-
ruses and much faster rates of evolution than those
of DNA viruses (Holland, 1993; Domingo and Hol-
land, 1994) (recombination also occurs in DNA vi-
ruses, but via “breakage and reunion” as in host-cell
genomes, and it is less frequent than among RNA
viruses). RNA viruses thus have a frightening abil-
ity to evolve and adapt to new hosts, and also to
increase in virulence. They are less species-specific
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and are readily transmitted between species; almost
all viral zoonoses and “emerging” viruses are RNA
viruses (Morse, 1993; Woolhouse et al., 2001).

Another consequence of this intense capacity to
evolve is that genome populations within infected
individuals are highly variable and known as “qua-
sispecies” (Eigen, 1993; Domingo and Holland, 1994;
Domingo et al., 1985, 1995, 1999). It is estimated
that every possible single nucleotide polymorphism
can be found in an HIV-infected individual (Wain-
Hobson, 1994; Overbaugh and Bangham, 2001).
Considering that RNA viruses may have been
among the earliest organisms to evolve (Gorbalenya,
1995), they have explored enormous evolutionary
spaces since then. At the other extreme, stabilizing
selection in a well-adapted and long-standing natu-
ral host can result in persistence of an average or
consensus genome sequence through time, with
“persistence” here meaning maintenance in nature
by the continuous infection of susceptible host or-
ganisms (Morse, 1994; Domingo et al., 1998). But
freed from this stabilizing selection, or when single
mutant genomes escape to a new host, these same
RNA viruses are capable of rapid evolution and often
increased virulence as well (Morse, 1994; Kilbourne,
1994; Domingo et al., 1998). While some can cause
persistent inapparent infections in natural reservoir
hosts, most follow an “acute life strategy” (rather
like r-selection), in which the virus increases fitness
by increasing its reproductive rate (Villarreal,
1999). The ability to infect multiple species helps, as
do means of transmission that do not require host
fitness, such as water- and vector-borne transmis-
sion (Ewald, 1994; Woolhouse et al., 2001).

The capacity for RNA viruses to evolve extremely
rapidly under some circumstances, but hardly at all
in others, and to undergo recombination and reas-
sortment, makes the interpretation of their phyloge-
netic relationships much more difficult than for
DNA viruses. Here, especially, one cannot assume
constant molecular clocks (Gibbs, 1987; Simmonds,
2001), and trees tend to greatly underestimate ge-
netic distances (Brown, 1994). The quasispecies na-
ture of RNA virus populations means that trees
compare consensus or average sequences instead of
actual “species” or “strains,” and recombination or
“modular evolution” results in different trees when
different parts of the genome are compared. In spite
of these difficulties, however, virologists still con-
struct phylogenetic trees for RNA viruses, but they
should be very careful in their interpretations.

Given their potential for interspecies transmis-
sion and rapid evolution, many human RNA viruses
were acquired from other species, especially domes-
ticated animals and commensal rodents, in the Neo-
lithic and since, although one must be careful con-
cluding this, as interspecies transmission has often
been in the reverse direction.

Caliciviruses, distributed worldwide in humans
and other vertebrates, are important causes of gas-
troenteritis and infant diarrhea, and show extensive

Bovine
viruses

A. Caliciviruses

MEXICO

Swine
viruses

SAPPORO-LIKE
Swine virus
Rabbit viruses

Primate caliciviruses
I E Feline calicivirus
Swine viruses

HUMAN 1076
Bovine UK
HUMAN Is2
HUMAN 1321
Bovine RF
Simian SA11
HUMAN 52
Equine H-2
Murine EW
Porcine 4F

Porcine CN86
LeeesPorcine YM

HUMAN WA
HUMAN X57943
HUMAN E210
Porcine Gott

HUMAN RV3
Equine F1-14

B. Rotaviruses

Fig. 7. Common agents of infant diarrhea. A: Caliciviruses.
Calicivirus phylogeny derived from sequence analysis of capsid
gene of Sapporo-like viruses (Jiang et al., 1997) and RNA poly-
merase gene of Norwalk-like viruses (van der Poel et al., 2000). B:
Rotaviruses. Rotavirus phylogeny based on analysis of VP6 cap-
sid protein (reprinted from Tang et al., 1997, Fig. 2, with permis-
sion from Elsevier). Human viruses are indicated in bold and
italicized capitals.

sharing of strains between humans and domesti-
cated animals (van der Poel et al., 2000). Figure 7A
illustrates some phylogenetic relationships for this
group. Close relationships with viruses of cattle and
pigs suggest frequent interspecies transmissions
both from and to these animals.

Figure 7B shows the phylogeny of another group
of diarrheal disease agents, the rotaviruses (family
Reoviridae), the most common agents of diarrhea
worldwide and a major cause of infant mortality in
the developing world (and in the young of many
mammalian and avian species); virtually all chil-
dren are seropositive (Woods et al., 1992). Rotavi-
ruses are ubiquitous in nature and are found in both
animals and plants. They are probably old viruses
and might have afflicted some of our hominid ances-
tors. Evidence of this, however, has been overwrit-
ten by the tendency of these viruses to be shared by
multiple host species. In addition, rotaviruses con-
tain segmented genomes that frequently reassort
when an individual is coinfected by multiple strains,
making tree interpretation very difficult, and differ-
ent genes give different trees (Joklik and Roner,
1995). Analysis of a number of structural and non-
structural proteins all show close relationships
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among human, bovine, and swine rotaviruses, with
evidence of frequent interspecies exchanges (Goral
et al., 1996; Kojima et al., 1996; Cunliffe et al., 1997,
Tang et al., 1997). Figure 7B shows one of these
trees, for the major capsid protein (Tang et al.,
1997). While earlier hominids may have suffered
from some form of rotaviral infection, they were
probably sporadic and zoonotic. Today’s human
strains have acquired many of their genes from vi-
ruses of domesticated animals, and rotaviruses are
now considered to have coevolved with nonhuman
hosts (Ito et al., 2001).

Coronaviruses, a common cause of colds in hu-
mans and enteric and respiratory infections in a
variety of animals, suggest a similar pattern of in-
terspecies spread, with close relationships among
viruses of humans and domesticated animals (Fig.
8A; Stephenson et al., 1999). Recombination in this
viral family again results in somewhat different
trees for different genes, but all show this intermin-
gling of human and other animal strains. While
most of these viruses are today very host-specific,
cross-species transmission can still be a source of
new human disease, as witnessed by the recent

emergence of sudden acute respiratory syndrome
(SARS). While bearing some similarities to group II
and III coronaviruses, this hitherto unknown virus
is sufficiently different to be placed in its own group
(Marra et al., 2003; Rota et al., 2003). The SARS
virus appears to have crossed over into humans in
Guangdong Province, China, from some as yet un-
determined zoonotic source, perhaps civet cats for
sale in a local food market (Enserink, 2003), and it
spread quickly from there. Fortunately, the epi-
demic was controlled by rapid epidemiological re-
sponse, including aggressive use of quarantine, but
SARS implies that there are many potential human
pathogens we have yet to discover and that are
increasingly likely to emerge as human numbers
continue to grow, especially in parts of the world
where dense populations of people come into contact
with wild animals.

The best-known members of the family Ortho-
myxoviridae are the influenza viruses types A, B,
and C. Type A infects a wide range of animals, while
B and C are found almost exclusively in humans.
Types B and C are estimated to have diverged from
type A approximately 4,000 and 8,000 years ago,
respectively (Suzuki and Nei, 2002). Annual flu ep-
idemics are caused by types A and B; serious pan-
demics result from novel strains of type A. Given the
importance of influenza A in causing serious dis-
ease, it has been especially well-studied, and its
behavior illustrates both stable selection equilib-
rium in natural reservoir hosts (aquatic birds) and
rapid divergent evolution in humans and pigs (Fig.
8B).

There are at least 15 strains of influenza A virus
that circulate in wild aquatic birds (especially
ducks) and are maintained in these populations by
fecal-oral transmission. These are the ultimate
source of epidemic and pandemic influenza in hu-
mans, with pigs being an intermediate host (Web-
ster, 1997, 1998; Kawaoka et al.. 1998). The produc-
tion of many new human strains has been traced to
pig-duck-fish farming in Asia, where the use of duck
fecal material as fish food leads to transmission of
avian influenza to pigs, and transmission to humans
follows via the respiratory route (Scholtissek and
Naylor, 1988). Like rotaviruses, influenza A has seg-
mented RNA that can reassort, and interspecies
transmission is frequently associated with reassort-
ment among avian, swine, and human viral genes
(Webster, 1997, 1998), a process known as “anti-
genic shift.” This creates new viruses sufficiently
different to overcome immunity gained by past ex-
perience with influenza virus, and results in a strain
with pandemic potential. Once in a new host species
(unlike in the avian reservoir), the virus is under
intense selection pressure to outwit the host im-
mune response through mutations resulting in ami-
no-acid substitutions, or “antigenic drift.” Selection
pressure is especially focused on the viral hemagglu-
tinin (HA), a surface protein that binds to sialic
acids on the new host’s cell surfaces, and is often the
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Fig. 9. Paramyxoviruses. Phylogenetic analysis of N open
reading frame (Chua et al., 2000). Human viruses are indicated in
bold and italicized capitals.

target of immune surveillance (Bush et al., 1999).
Drift probably occurs in other viral infections of
respiratory or enteric mucous surfaces in long-lived
vertebrates, because the presence of antibodies on
those surfaces means strong selection for even minor
antigenic novelty (Fenner et al., 1974, p. 627-630).

The dual nature of influenza virus is evidenced by
its behavior in different hosts. Sequence analysis of
avian strains suggests a long history of association
and evolutionary stasis, while the virus shows a
completely different pattern in humans and pigs
(Webster, 1997). In these species, viral mutation
rates are higher (Kawaoka et al., 1998; Reid et al.,
1999), but intense competition results in only a sin-
gle dominant variant surviving an epidemic period
to become precursor to the next set of strains (Fitch
et al., 1997; Bush et al., 1999). This yields an un-
usual phylogenetic tree, especially for viral surface
antigens such as the HA antigen, with only one of
many strains persisting to give rise to the next
year’s crop of flu viruses (see Fig. 1 in Bush et al.,
1999).

Paramyxoviruses include measles (MeV) and
mumps (MuV) viruses; other human pathogens in
this family of mostly respiratory agents include the
parainfluenza viruses (PIV). These probably had re-
cent separate origins, and at least some are derived
from domesticated animals. Measles (MeV), canine
distemper (CDV), and rinderpest (RPV) viruses are
in the same genus Morbillivirus (Fig. 9), but MeV is
more closely related to RPV than to CDV (although
the two groups are still close enough that measles
vaccine protects dogs from distemper). Acute crowd
infections like measles require urban densities of at
least 500,000 people, so its origin is probably recent
interspecies transmission from a bovine source
(Norrby et al., 1992).

Morbilliviruses are notorious for their ability to
exploit new species (Baskin, 2000); examples include

a rinderpest panzootic of the late 19th century that
swept Africa, killing huge numbers of wildebeest,
buffalo, other wild grazers, and cattle (Daszak et al.,
2000), and canine distemper that today threatens
both seals (Stone, 2000) and African lions (Roelke-
Parker et al., 1996). Measles now threatens moun-
tain gorillas (Baskin, 2000). Emerging viruses
closely related to this genus (but now put into their
own genus) are Hendra (that killed horses and a
trainer in Australia in 1995) and Nipah (fatal in
humans and pigs in Malaysia and Singapore in
1999), both suspected to be maintained in nature in
fruit bats (Enserink, 2000).

On the other hand, paramyxoviruses have fairly
slow rates of evolution compared with other RNA
viruses; measles virus is relatively stable, and there
is no convincing evidence of recombination (Rima et
al., 1997; Yamaguchi, 1997); this is also true for
parainfluenza (Hetherington et al., 1994). The phy-
logeny of nonhuman morbilliviruses matches that of
the host species (Fig. 9), as cetaceans are now known
to be closely related to ungulates, and seals to other
carnivores (Blixenkrone-Moller et al., 1994). Not
enough is known about MuV and the PIVs to make
firm conclusions about their evolution; they may
have been derived from other viruses such as bovine
PIV, or vice versa (Kawano et al., 1990).

RNA viruses are complicated, however, and not all
that afflict humans are recent acquisitions. Because
of their capacity to evolve either very rapidly or
hardly at all, depending on their circumstances,
some have been long-standing parasites of primates.
Viruses whose replication involves overlapping
reading frames or multigene products with strict
secondary structures required for processing suffer
constraints on their ability to evolve. Picornaviruses
and hepatitis viruses are examples. Other viruses
can integrate a DNA provirus into the germ-cell
genome and be passed on as Mendelian traits. Ret-
roviruses illustrate this phenomenon. This potential
for slowed evolution can result in RNA viruses that
show host-linked phylogenies, as do DNA viruses.

The Picornaviridae, which include enteroviruses
(e.g., polio), rhinoviruses, and several other genera,
are an interesting case because on the one hand they
can evolve very quickly, close to the maximum rate
compatible with maintaining genetic information
(Domingo et al., 1995), and with frequent recombi-
nation (Lai, 1995), and yet their genomes are re-
markably stable when grown under unchanging con-
ditions (Gromeier et al., 1999). The viral RNA is
translated into a single polyprotein that is later
cleaved into several structural and other proteins,
including an RNA-dependent RNA polymerase. The
polypeptide backbone of the polyprotein is highly
conserved in all known picornaviruses, and thus
mutations are mostly synonymous; capsid and poly-
merase proteins are also somewhat conserved
(Gromeier et al., 1999).

Most of the genera in this family infect primarily
humans and Old World anthropoids (Fig. 10), with
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nonprimate strains appearing to derive from their
human counterparts (Rodrigo and Dopazo, 1995;
Gromeier et al., 1999). The clade containing foot-
and-mouth disease and encephalomyocarditis is con-
sidered the mostly nonhuman animal side of the tree
(Doherty et al., 1999). Simian enteroviruses (iso-
lated so far from macaques, guenons, and baboons)
are as diverse and probably as numerous as human
enteroviruses. Many of these are the closest known
relatives of human enteroviruses (with the excep-
tion of viruses derived from human strains, e.g.,
swine vesicular disease virus, thought to have orig-
inated from coxsackie B; Poyry et al., 1999), while
other simian viruses cluster together and probably
represent a previously unknown picornavirus genus
(Oberste et al., 2002). There are more than 60 hu-
man enteroviral serotypes, including 3 polio, 23 Cox-
sackie A, 6 Coxsackie B, and 30 echoviruses. They
are common in humans, and most of them cause no
apparent infection. A high proportion (>99%) of po-
lio infections are subclinical as well, and the virus
was endemic in developing countries of Asia, Africa,
and the Americas until recently (Rico-Hesse et al.,
1987; polio has now been largely eradicated every-
where except sub-Saharan Africa and India, thanks
to WHO’s Global Polio Eradication Initiative; World
Health Organization, 2001). The neuropathogenic-

ity of wild polio is low and requires spread of the
virus from the intestinal tract to motor neurons
(Crainic and Kew, 1993). Poliovirus may persist in
the organism and continue to be shed after acute
infection (Domingo et al., 1998), allowing it to be
maintained in small isolated populations, although
Black (1990) thought that poliovirus was introduced
into South American Indians. Wild polio type 1
strains (the most common cause of polio) correlate
better with geography than with time of isolation,
meaning that viruses isolated at different times in a
single geographic region are more closely related to
one another than are polioviruses from several re-
gions isolated in the same year (as would be found in
the case of pandemic influenza, for example). This
argues for the relative stability of this virus, with
strains from Africa and the Mideast having the
deepest roots (Rico-Hesse et al., 1987). It further
suggests that enteroviruses, including poliovirus,
have long been associated with hominids, either co-
evolving with us or possibly entering our line from
other primates sometime during our evolution in
Africa.

Other viruses that may have cospeciated with pri-
mates include the various hepatitis viruses (Robert-
son, 2001; Simmonds, 2001). As causative agents of
chronic disease and latent infections, these viruses
could have persisted in wild primates and small
hominid groups. These include hepatitis A virus
(HAV), associated with infectious hepatitis spread
by food and water but also capable of causing sub-
clinical infections (Gust, 1980); hepatitis B (HBV),
the cause of serum hepatitis, transmitted by blood
and blood products, and also asymptomatic in the
majority of cases following perinatal or vertical
transmission (Tiollais and Buendia, 1991); hepatitis
C (HCV), cause of the non-A, non-B hepatitis of
recent epidemic spread but also capable of causing
prolonged, inapparent infection (Simmonds, 2001);
and the closely related GB virus-C (GBV-C) or hep-
atitis G (HGV). The origins of HCV are not well-
understood, but evidence of natural infections by
relatives of the other hepatitis viruses in wild pri-
mates now suggests that these viruses have evolved
along with their primate hosts (Robertson, 2001).

Hepatitis A virus (HAV) is a picornavirus like
polio but in its own genus Hepatovirus, along with a
number of simian hepatitis A viruses (SAV) in Old
World monkeys and probably chimpanzees as well
(Robertson, 2001). As for poliovirus, there is a high
degree of antigenic conservation. SAVs from wild-
caught monkeys group into three genotypes, while
human strains fall into 4—6 others that correlate
with geographic regions (Fig. 11A; Robertson et al.,
1992). Antibodies have been found in virtually every
population tested, with largely subclinical infections
in developing countries (Gust, 1980). Continued
study is necessary, especially of chimpanzee SAV,
before firm conclusions can be drawn, but HAV may
be an ancient associate of humans or acquired from
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ology. Human viruses are indicated in bold italics.

cattarhine primates sometime during human evolu-
tion.

The GB viruses (“hepatitis G”) were discovered
when serum from a surgeon (GB) with hepatitis was
inoculated into tamarins, who also developed the
disease. Serial passage of their sera in other tama-
rins resulted in the isolation of several GB agents
that are not HAV, HBV, or HCV, although they are
closely related to HCV (Robertson, 2001). HCV and
the GB-agents are members of the Flaviviridae, a
family whose better known members include mos-
quito- and tick-borne viruses like dengue, yellow
fever, West Nile, and miscellaneous encephalitis
agents. HCV and the GB-agents are in their own
genus, Hepacivirus, only distantly related to the
arthropod-borne members of this family. GBV-A has
since been found in a wide range of New World
monkeys (tamarins, owl monkeys, and marmosets,
each species having its own variant), and causes
chronic infection with no obvious disease (Fig. 11B;
Robertson, 2001). GBV-B may also be a natural in-
fection in New World primates.

Several viruses found in wild chimpanzees (both
Pan troglodytes verus in West Africa and P.t. troglo-

dytes in Central Africa) are even closer to human
HGV/GBV-C than GBV-A is. There is more sequence
diversity between the two chimp subspecies than
among human variants (Adams et al., 1998). Rela-
tionships among the human GBV-C subtypes imply
an ancient association, before migration of anatom-
ically modern humans out of Africa, with the sub-
Saharan African genotype having the greatest se-
quence diversity (Robertson, 2001; Simmonds,
2001). Whether HGV evolved from a chimpanzee
virus or it represents an older virus that cospeciated
with both apes and hominids cannot be resolved at
this time, but it appears to have originated in Africa
and has since diversified along with human popula-
tions as they migrated from that continent (Pavesi,
2001).

The apparent paradox of such slow evolution in
viruses otherwise known for their rapid mutation
rates can be explained in this case by the peculiar
nature of the HGV RNA genome, which forms a
complex and extensive secondary structure through
internal base-pairing. Base substitutions in any of
the multiple sites that interact to form this struc-
ture require matching substitutions elsewhere, such
that specific stem-loops are conserved, thus con-
straining evolution in this virus (Simmonds, 2001).

As for the rest of this family, the zoonotic flavivi-
ruses show phylogenetic relationships that are
closely linked to their mosquito or tick vectors. The
mosquito-borne group separates into two clades: one
is neurotropic (in humans and livestock) and asso-
ciated with avian reservoirs and Culex mosquitoes;
this clade includes West Nile, Japanese encephali-
tis, St. Louis encephalitis, and others. The other
mosquito-borne clade is hemorrhagic and associated
with primates and Aedes mosquitoes (e.g., yellow
fever and dengue). All mosquito-borne flaviviruses
appear to have originated in Africa, where both yel-
low fever and dengue still occur in sylvatic cycles in
wild monkeys (Gaunt et al., 2001). The Culex and
Aedes species that preferentially bite humans have
coevolved with us; the ancestor of both was present
by the Eocene, and primates since then (including
hominids) have probably suffered from arboviral in-
fections. Aedes appears to have diverged from the
Culex line in the Oligocene, which may coincide with
the origin of sylvatic yellow fever (Capasso, 1993).

Viruses that use reverse transcription

One more common hepatitis virus remains to be
discussed. Although its viral capsids contain a DNA
genome, hepatitis B virus (HBV) replicates via an
RNA intermediate and a reverse transcriptase, giv-
ing it the same error-prone transcription and capac-
ity for rapid evolution as the retroviruses, to which it
is related (McClure, 1995). Among the smallest of all
viral genomes, it uses overlapping reading frames
that generate severe evolutionary constraints and
highly variable mutation rates at different sites,
(Yang et al., 1995; Simmonds, 2001), and in spite of
much data on nonhuman primate HBVs, interpre-
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tation of this family’s phylogeny is a challenge (Fig.
12).

Until the discovery of wild strains in free-living
hominoids, the woolly monkey virus appeared to be
ancestral to human strains, as it and the human
serotypes found in indigenous South Americans
(HBV-F in Fig. 12) seemed to be the deepest roots on
the tree (Lanford et al., 1998). Discovery of the virus
in relatively isolated aboriginal human populations
throughout Asia and in Africa presented problems
for this interpretation, however (Bollyky and
Holmes, 1999). Sequencing of viruses from chimpan-
zees (Takahashi et al., 2000; Hu et al., 2000; Mac-
Donald et al., 2000) suggests that the infection is
relatively common among chimps in West Africa,
and that chimp HBV circulates in nature; up to 50%
of adult chimps are seropositive (Robertson, 2001),
and different subspecies of Pan troglodytes harbor
distinct chimp HBV genetic variants (Hu et al.,
2001). Similar viruses have been found in wild go-
rillas, orangutans (Verschoor et al., 2001), and gib-
bons (Norder et al., 1996), indicating widespread
natural infection in all the apes.

The ape viruses cluster together on a branch sep-
arate from the human viruses (Fig. 12), with African
and Asian ape viruses forming two subclusters, and
the Asian subcluster further subdividing into oran-
gutan and gibbon clades, suggesting cospeciation
(Verschoor et al., 2001; Robertson and Margolis,
2002). The woolly monkey virus is still closest to the

South American human type F; that and the exis-
tence of the only other known mammalian hepadna-
viruses in American rodents (e.g., woodchucks,
squirrels) still suggest to some an American origin
by cross-species transmission. Others have proposed
that HBV coevolved with humans and diversified as
they migrated from Africa during the last 100,000
years (Magnius and Norder, 1995). But the viral
phylogeny does not parallel genetic relationships
between human and nonhuman primate hosts,
which presents a problem for any coevolutionary
model. A third scenario involves multiple zoonotic
transmissions, analogous to what some believe has
happened with HIV (see below), with donor species
remaining unidentified (MacDonald et al., 2000).
Recent zoonotic transmission is not supported by the
separation of human and ape clusters, however, as
one would expect in that case to see a mosaic branch-
ing pattern of human and ape strains (Verschoor et
al., 2001). The latest and perhaps best explanation
of this confusing picture is that primate HBVs co-
speciated with their hosts (both woolly monkey and
apes) over the last 10—-35 my (which leads to a very
low estimate of mutation rate, by the way, but sim-
ilar to that obtained if cospeciation is assumed for
rodent and woolly monkey viruses), with human
strains being of ancient zoonotic origin (sometime
before leaving Africa), perhaps via processing of pri-
mates for food (Simmonds, 2001). Since that time,
dispersal from Africa and rapid population growth
(providing more opportunities for horizontal trans-
mission) led to faster mutation rates and diversifi-
cation of the human virus (Robertson and Margolis,
2002). This last hypothesis fails to account for the
close relationship between South American HBV
and the woolly monkey virus, however, unless one
assumes multiple zoonotic origins. The mystery is as
yet unresolved.

Retroviruses use an RNA-dependent DNA poly-
merase, or reverse transcriptase, to generate a DNA
copy of the RNA genome; this cDNA is transcribed
by another enzyme into viral RNA that is packaged
into infectious particles. The DNA copy, or provirus,
can also be inserted into the cellular genome, where
it is replicated by the host-cell DNA polymerase with
its much lower error rate. These integrated viruses
also escape immune detection and the resulting
pressure to evolve, making them much more stable
than exogenous viruses. Retroviruses that tend to
integrate, like human T-cell lymphotropic virus
(HTLV), are thus characterized by slower rates of
change and less sequence diversity, while viruses
that produce continual rounds of replication using
the viral polymerase, like human immunodeficiency
virus (HIV), have more genetically diverse popula-
tions and faster rates of evolution (Overbaugh and
Bangham, 2001). “Endogenous retroviruses,” pre-
sumed remnants of ancient germ-cell infections, are
integrated proviruses that have lost the ability to
produce infectious particles. In spite of this, their
DNA sequences have multiplied and inserted at nu-
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Fig. 13. Primate immunodeficiency viruses. Schematic dia-
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deficiency virus; SIV, simian immunodeficiency virus; SIV,,,, sooty
mangabey; SIV,,,., macaque; SIV,, Sykes’ monkey; SIV .ver
vervet; SIV,..qri» grivet; SIV ., an, tantalus monkey; SIV,,, .4, man-
drill; SIVcpz, chimpanzee; P.t.s., Pan troglodytes schweinfurthii;
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merous sites through retrotransposition, and are es-
timated to make up about 8% of the human genome
(International Human Genome Sequencing Consor-
tium, 2001). Given their ability to insert in regions
contiguous to genetic loci, these human endogenous
retroviruses (HERVs) may have directly affected
host gene expression and contributed to hominid
evolution (see Discussion).

Simian and human immunodeficiency viruses
(SIV/HIV) belong to the lentivirus family of retrovi-
ruses; SIVs have been found in a wide range of
mostly African anthropoids (26 different species;
Hahn et al., 2000). Most of these viruses are natu-
rally occurring and do not appear to cause disease in
their reservoir hosts, while cross-species transmis-
sion results in pathology (Sharp et al., 1999). That
the phylogeny of these viruses as a whole does not
correlate with that of their hosts suggests a long
history of interspecies transmission and recombina-
tion, but there is also evidence of host-dependent
evolution within some primate clades. Examples of
both can be seen in Figure 13. The SIVs of the
“African green monkeys” (vervets, grivets, sabaeus,
and tantalus monkeys) reflect the evolutionary rela-

tionships of their hosts, and indicate a longstanding
association (Fomsgaard et al., 1997). In contrast, the
close relationship between macaque and sooty
mangabey SIVs probably reflects interspecies trans-
mission, as SIV,,. (see Fig. 13 for explanation of
subscripts) has been found only in captive animals
(Sharp et al., 2001).

SIVs are common subclinical infections in mon-
keys, but are not as prevalent in other primates. The
chimpanzee virus, SIV,,,, is the only nonmonkey
SIV; similar viruses are not found in gorillas or
bonobos. Recent work suggests that SIV,, is a re-
combinant of the SIVs of red-capped mangabeys and
greater spot-nosed monkeys (Bailes et al., 2003). It
was likely acquired by chimpanzees through hunt-
ing and eating infected monkeys, perhaps at some
point before the divergence of Pan troglodytes trog-
lodytes and P.t. schweinfurthii, as it is found in these
subspecies but not in P.z. verus (Prince et al., 2002).
There appear to have been numerous other cross-
species transmissions, both simian-to-simian and
simian-to-human. The human immunodeficiency vi-
ruses most likely originated through recent inter-
species transmissions, from chimpanzees in the case
of HIV-1 (Gao et al., 1999; Corbet et al., 2000), and
from sooty mangabeys for HIV-2 (Chen et al., 1997,
for reviews, see Holmes, 2001; Sharp et al., 2001). It
is now clear that HIV-2, a less pathogenic virus
endemic in West Africa, emerged in that region
where mangabeys are both hunted and kept as pets,
and at least four separate interspecies transmission
events gave rise to six human subtypes (Chen et al.,
1997).

The origins of HIV-1 are less clear, but there ap-
pear to have been multiple cross-species transmis-
sions of SIV,,, to humans in west central Africa (Gao
et al., 1999; Sharp et al., 1999; Hahn et al., 2000).
This conclusion is still somewhat tentative, how-
ever, as it is based on only six captive chimps (Zim-
mer, 2001). SIV prevalence in chimpanzees, both
wild and captive, is low (Corbet et al., 2000; San-
tiago et al., 2002). In contrast, both African green
monkeys and sooty mangabeys are infected by their
respective viruses at high frequencies (Hahn et al.,
2000). It should be noted, however, that wild P.t.
troglodytes, the suspected source of HIV-1, has not
yet been adequately sampled. SIV.,, from P.t.
schweinfurthii is quite divergent from HIV (San-
tiago et al., 2002), and it was not found at all in 387
P.t. verus from West Africa (Prince et al., 2002). The
only case of SIV infection in Nigerian P.t. vellerosus
was in an animal caged with an infected P.¢. ¢troglo-
dytes (Corbet et al., 2000), so SIV,,, of P.t. troglo-
dytes seems the most likely HIV-1 ancestor. That
chimp and human viruses are interspersed on the
tree shown in Figure 13 suggests that there have
been at least three cross-species transmissions, most
likely related to the practice of hunting and field-
dressing chimpanzees for “bush meat” (Hahn et al.,
2000). Indeed, there is a high potential for acquiring
primate viruses in this manner, as recent sampling
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showed a substantial proportion (~20%) of wild
monkeys hunted or kept as pets in Cameroon to be
SIV-infected (Peeters et al., 2002).

Three different cross-species transmissions of
SIV,,, resulted in three groups of HIV-1 (M, N, and
0O). Molecular clock estimates date the last common
ancestor of the M group, the group responsible for
the majority of HIV infections worldwide, prior to
1940 (Sharp et al., 2001), perhaps as early as 1931
(Korber et al., 2000), and the jump from chimpanzee
to human may have occurred even earlier. The virus
apparently remained undetected for 50 years or
more in low-risk populations before spreading to
high-risk groups, through cultural practices affect-
ing contact with infected blood or sexual frequency
which increased the potential for transmission
(Armelagos et al., 1990). Increased sexual frequency
may have selected for greater virulence as well
(Ewald, 1994). The highly divergent O group, found
in western equatorial Africa (Cameroon and neigh-
boring countries), and the N group, a small number
of viruses from Cameroon, have not diversified or
spread to the same extent as the M group has; co-
alescence dates for these groups have not yet been
reported.

An alternative hypothesis (that HIV originated
from contaminated oral polio vaccine allegedly pro-
duced in chimpanzee kidney cell cultures; Hooper,
2000) has been effectively rejected (Hahn et al.,
2000; Blancou et al., 2001; Sharp et al., 2001). All
three groups of HIV-1 are more closely related to
SIV.,, from P.t. troglodytes, found in west central
Africa, the presumed place of origin of the HIV pan-
demic. The chimpanzees purported to have been the
source of tissue for the polio vaccine were from
northeast Congo, an area inhabited by P.t. schwein-
furthi. In addition, recent estimates of the time
frame for the initial interspecies transmission of
SIV,,, leading to the HIV-1 M group put it some
time before the use of oral polio vaccines in the late
1950s.

There is considerable discrepancy (several orders
of magnitude) between molecular clock estimates
based on observed mutation rates in HIV-1 and di-
vergence dates that assume cospeciation in SIVs
and primates (Sharp et al., 2000). In spite of the
retroviral capacity to rapidly evolve, stable consen-
sus sequences can persist in natural hosts, in part
because of lower immune response in nonhuman
primates, and therefore less selection pressure to
evade it. On the other hand, transmission to a new
species leads to rapid evolution. Thus SIV,,,, and
other primate viruses shown in Figure 13 display
long branch lengths and host-linked evolution, while
HIV is evolving rapidly.

The human T-cell lymphotropic viruses have
somewhat different histories. Both HTLV-I and -II
are older retroviruses than HIV, and have evolved
more slowly because of their greater tendency to
integrate into the cellular genome and consequent
potential for vertical transmission. This leads to
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Fig. 14. Primate T-cell lymphotropic viruses (PTLV). Phylog-
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al. (2001). STLVs isolated from nonhuman primates are indicated
by bold italics; all others including unlabeled lines are HTLV
strains isolated from humans. Note interspersal of Central Afri-
can HTLV-I subtypes among branches of STLV-I.

mostly inapparent lifelong infections like those
caused by DNA viruses. On the other hand, the
tendency of HTLV-I to jump species barriers can
lead to rapid viral evolution, as in other retrovi-
ruses. Because of this difference, HTLV-I and
HTLV-II have contrasting evolutionary histories
(Fig. 14; Slattery et al., 1999; Salemi et al., 2000).
HTLV-I appears to have originated in Asia between
50-100 kya, moved to Africa where it explosively
spread through Central African anthropoids (includ-
ing humans) with many occasions of interspecies
transmission, and eventually spread as a “cosmopol-
itan” variant to the rest of the world (Vandamme et
al., 1998; Van Dooren et al., 2001). Geographic vari-
ants of HTLV-I thus reflect recent migrations of
anatomically modern humans (Slattery et al., 1999).
HTLV-II, on the other hand, is an older virus with
an African origin ~400 kya; its closest relative is the
simian T-cell lymphotropic virus (STLV) of Pan pa-
niscus (Vandamme et al., 2000). Today there are two
types of distribution for both HTLV-I and -II: a cos-
mopolitan epidemic associated with transmission
via contaminated blood or needles, and an endemic
pattern produced by mother-to-child transmission
(via breast milk), with substrains reflecting human
migrations (Black, 1997), but both types I and II
originated through interspecies transmission of
STLVs to human ancestors (Salemi et al., 2000).
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Human and simian viruses in this group are now
collectively referred to as “primate T-cell lympho-
tropic viruses” (PTLVs) because African HTLVs and
STLVs cannot be separated into distinct phyloge-
netic lineages according to their species of origin,
but are instead related according to the geographic
origin of their host (Vandamme et al., 1998). There
are six PTLV-I subtypes: subtype A is the “cosmo-
politan” one, recently derived and estimated to have
radiated at least 13 kya; it contains exclusively hu-
man strains; B, D, E, and F are Central African
subtypes found in humans (including pygmies in
Cameroon, Gabon, and Congo) and nonhuman pri-
mates; and subtype C is the Australo-Melanesian
subtype, found in Papua New Guineans, Australian
Aboriginals, and Indonesian macaques (and perhaps
orangutans; Verschoor et al., 1998). STLV-I and
HTLV-I strains from the same geographic region
show closer phylogenetic relationship than do
HTLV-I/STLV-I strains from the same primate spe-
cies (Van Dooren et al., 2001), i.e., the relationships
between HTLV-Is and STLV-Is show evidence of
horizontal interspecies transmission instead of co-
speciation (Koralnik et al., 1994; Mahieux et al.,
1998; Salemi et al., 1998).

The moderate stability and low mutation rates of
these viruses have allowed investigators to make
molecular clock estimates for this group (Salemi et
al., 2000; Vandamme et al., 2000; Van Dooren et al.,
2001). The ancestor of all PTLVs probably evolved in
Africa, with one branch (the ancestor of PTLV-I)
carried to Asia by one million years ago, while vi-
ruses remaining in Africa evolved into PTLV-II and
STLV-L (Salemi et al., 2000). Salemi et al. (2000)
suggested that the PTLV-I ancestor spread to Asia
in migrating macaques at 2.2 mya, but the macaque
radiation probably occurred much earlier, around
5.5 mya (Morales and Melnick, 1998). That HTLV-I
evolved in Asia is suggested by the clear separation
between African and Asian/Melanesian strains (Van
Dooren et al., 2001). HTLV-I subtype C and STLV-I
from macaques and orangutans have higher levels of
genetic diversity and are thought to be older than
African subtypes (Giri et al., 1997; Verschoor et al.,
1998), with Asian HTLV-I estimated to have origi-
nated 50-100 kya (Salemi et al., 2000; Van Dooren
et al., 2001). It appears to have reached Africa by at
least 27.3 kya and explosively spread through pri-
mates. Whether this was the result of a simian or a
human migration is not yet certain.

PTLV-II is much less likely to jump species, so it is
less diverse (Slattery et al., 1999). The only known
STLV-II is found in bonobos (Vandamme et al.,
2000). HTLV-II isolates from African pygmies have
more sequence diversity than those from Amerinds,
which supports the conclusion that HTLV-II origi-
nated in Africa, probably via an ancient interspecies
transmission of the bonobo virus ~400 kya (Giri et
al., 1997; Salemi et al., 2000; Vandamme et al.,
2000). HTLV-II is endemic in both native North and
South Americans and Central African pygmies (with

epidemic spread in IV drug users); subtype D, the
most divergent, is found in Efe pygmies living not
far from bonobos in the Congolese rain forest (Van-
damme et al., 2000). HTLV-II heterogeneity in the
Americas is greater than in HTLV-I and comparable
to HTLV-I/STLV-I in the Old World, suggesting that
type II has been in the Western Hemisphere longer
and was brought over by the original migrants,
while HTLV-I was introduced more recently (Dube
et al., 1993; Vandamme et al., 2000). Molecular clock
estimates suggest that HTLV-II was carried out of
Africa at least 58 kya and the American subtypes
diverged between 12-38 kya, after the first human
migrations to the New World.

DISCUSSION
The role of viruses in human evolution

What can we conclude from this survey of the
molecular phylogenies of viruses, and what does it
imply about the role of viruses in human evolution?

1. Most of the slowly evolving DNA viruses are an-
cient and have coevolved in close association with
their hosts. Families such as the Herpesviridae,
Papovaviridae, and Adenoviridae have cospeci-
ated with vertebrates, and even the earliest
hominids undoubtedly had their share. The life-
long, mostly asymptomatic infections caused by
these viruses are unlikely to have had a signifi-
cant selective effect, however, unless introduced
into a new host.

2. Many RNA viruses, with their enormous capacity
for change, were more recently acquired during
the Neolithic, when humans and domesticated
animals entered into intimate contact, and agri-
cultural surpluses and permanent housing at-
tracted disease-carrying rodents. This process
was facilitated by RNA viruses’ high mutation
rates, propensity for interspecies transmission,
and ability to recombine or reassort when related
viruses coinfect the same host (e.g., mammalian
and avian influenza viruses in pigs). Post-Neo-
lithic viruses include the diarrheal calici- and
rotaviruses, the coronaviruses of common colds,
and ortho- (influenza) and paramyxoviruses that
cause a variety of other respiratory diseases. The
DNA-based smallpox virus may also be in this
category. The generally more acute infections
caused by these newer viruses are unlikely to
have plagued earlier hominids. At the same time,
the existence of RNA viruses in wild primates
suggests that hominids had some of these, but the
transient nature of these continually drifting vi-
ral genomes means that their sequences have
been totally overwritten, and their propensity to
switch hosts means their descendants may be
anywhere. The trail on these is quite cold.

3. On the other hand, the capacity of some RNA
viruses to be evolutionarily stable in long-stand-
ing reservoir hosts, and other constraints on their
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ability to evolve, suggest that some of these may
be very old human parasites. Hepatitis viruses,
picornaviruses, and HTLV became endemic in
hominids some time before modern humans left
Africa; some of these may have infected the ear-
liest hominids. But like the DNA viruses, these
are unlikely to have acted as important agents of
selection, given their association with mostly
chronic and latent infections, although this may
not have been the case in the past. When these
viruses were first acquired they were probably
more virulent, and different hominid species may
have had different susceptibilities. Considering
the array of retroviruses found in African mon-
keys and apes today and the ease with which they
cross species barriers, ancient humans may have
encountered more than just HTLV. Endogenous
retroviruses, moreover, with their ability to ret-
rotranspose into different parts of the host ge-
nome, may have played a more direct role in
human evolution.

4. Zoonoses, or infectious diseases whose natural
hosts are other animals, must have been impor-
tant causes of disease throughout human evolu-
tion (Fenner et al., 1974, p. 632). Because viruses
that must be able to replicate efficiently in more
than one host are more genetically stable (Kil-
bourne, 1994; Scott et al., 1994), arboviruses such
as yellow fever, dengue, and Rift Valley fever
have probably been present in Africa during
much of our evolution, and mosquitoes capable of
transmitting them evolved during the Pliocene
(Capasso, 1993). Bat lyssaviruses, from which ra-
bies is derived, also have a long history in Africa
(Bourhy et al., 1993). Given the diversity of trop-
ical ecosystems, African environments are bound
to have contained numerous zoonotic viruses ca-
pable of infecting hominids. Scavenging or hunt-
ing other species, including primates, would have
presented constant opportunities for the trans-
mission of viruses.

In many respects this agrees with earlier recon-
structions of hominid disease patterns inferred from
disease transmission requirements (Cockburn,
1967b; Armelagos and Dewey, 1978; Armelagos,
1990) or studies of isolated populations (Black, 1975,
1990). This analysis suggests, however, that viruses
were even more important pathogens during earlier
stages of human evolution than we realized. What
roles might they have played?

As causes of morbidity and mortality they may
have acted as agents of selection, especially new
viruses entering a population for the first time or
during apparent competition between species with
differing susceptibilities. As molecular genetic par-
asites in intimate association with host cell DNA,
they perhaps played a role in molding the human
genome, especially retroviruses and DNA viruses
that replicate in the cell nucleus and can integrate
into germ-cell DNA.

Viruses as agents of selection

Viral selection could operate at several levels,
from the cellular level to the level of competition
between species. Among the kinds of viral-mediated
selection likely to be important factors in the evolu-
tion of a species are selection among individuals
within a population and apparent competition be-
tween populations or species. In cases where genetic
diversity is useful (e.g., the MHC system), intra-
population selection will be balancing and presum-
ably result in polymorphism and maintenance of an
adequate defensive response. In other cases (e.g.,
selection for or against cell-surface antigens recog-
nized by viruses), selection will be directional and
favor certain alleles over others. Virus-mediated se-
lection between populations or species might give
one a competitive edge and thus contribute to de-
cline in the other, or it may promote divergence and
habitat partitioning. But were the requirements for
these kinds of selection satisfied during human evo-
lution?

Intrapopulation selection

Some have proposed that genetic interactions be-
tween pathogens and hosts have been important in
maintaining balanced polymorphisms within host
populations (Clarke, 1976). For this to occur, how-
ever, several conditions must be fulfilled (Clarke,
1976; Svanborg-Eden and Levin, 1990):

1. There is genetic variation in disease susceptibil-
ity and mortality within the host population;

2. This inherited variation is the result of only one
or a few genes;

3. There is phenotypic variation in the parasite’s
ability to attack its hosts;

4. There is a relationship between these two kinds
of variation (i.e., host and pathogen evolve in
response to each other, also known as gene-for-
gene coevolution);

5. There is a relationship between numbers of par-
asites and numbers of hosts;

6. Host and pathogen encounter each other contin-
uously or at least frequently; and

7. The parasite causes great enough mortality (or
reduction in fertility) prior to the termination of
reproduction (during ages of high reproductive
value) for it to be an evolutionary force.

To what extent were these conditions fulfilled dur-
ing human evolution? As for the first condition, ge-
netic variation in host susceptibility to infection ap-
pears to be the norm in most organisms (Clarke,
1976); our ancestors were unlikely to have been
atypical in this regard. That even the most virulent
of parasites (e.g., the plague bacillus or Ebola virus)
do not kill all infected individuals suggests some
innate variation in human response (but other dif-
ferences—environmental, developmental, social, or
behavioral—may also play a role). As another exam-
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ple, most children exposed to varicella zoster virus
develop clinical symptoms of chickenpox, but many
infected individuals show no symptoms (Benenson,
1995, p. 87).

Is this variation the result of simple inherited
variation, i.e., polymorphisms at a single locus or
only a few loci (condition 2)? There is substantial
histocompatibility polymorphism in humans (Bod-
mer, 1972; Bodmer and Bodmer, 1978; Howard,
1991), but whether this is the result of selection by
infectious disease is not certain (Svanborg-Eden and
Levin, 1990). Diversity in this region does appear to
correlate with a population’s susceptibility to infec-
tious disease (Black, 1990), and studies now link
different HLA antigens with resistance to viruses,
e.g. influencing the time of onset of AIDS after HIV
infection (Kaslow et al., 1996) and clearance of hep-
atitis B virus (Thursz et al., 1995).

The ABO blood system is another possible exam-
ple of polymorphism related to disease susceptibil-
ity. Associations between infectious agents and ABO
allele frequencies suggest differential susceptibili-
ties to certain viruses and bacteria. For example,
decreased A allele frequencies following smallpox
epidemics suggest viral selection against that allele
(Vogel, 1975), but discrepancies in the literature and
a lack of hard evidence concerning the underlying
biological mechanism preclude any firm conclusions
(Greenwell, 1997). Other viral diseases implicated
in ABO selection include hepatitis, chickenpox, po-
liomyelitis, influenza A, and adenovirus infection,
but the evidence is ambiguous and may simply re-
flect a generalized effect of ABO alleles on the im-
mune response (Vogel, 1975).

Several other polymorphisms are known to confer
disease resistance, such as hemoglobin S and favism
vs. falciparum malaria, but these are probably fairly
recent adaptations. The only well-studied examples
are associated with malaria and plague (Stephens et
al., 1998; Tishkoff et al., 2001), both unlikely to have
affected humans much before the Neolithic.

The requirement for variation in parasite viru-
lence (condition 3) was undoubtedly met, especially
in the case of RNA viral quasispecies. Even in the
most stable viral populations, one finds a multitude
of variants that might be favored in another host, so
most viruses probably meet this criterion.

Condition 4 (gene-for-gene coevolution) was dem-
onstrated for a large number of plant/parasite sys-
tems, including viruses (Thompson and Burdon,
1992), but in plants, somatic variation can be inher-
ited, producing rapid rates of evolution (although
this may be an artifact of plant breeding and not as
common in wild plants, which tend to have higher
levels of genetic variation for pathogen resistance;
Simms, 1996). In spite of the lower probability of
inheritable change in sexually reproducing animals,
there are now several examples of host-pathogen
coevolution in animals, probably due to selection
acting on preexisting variation. A well-studied ex-
ample is the introduction of myxoma virus (a natu-

ral parasite of American rabbits) into Australian
rabbits in the 1950s. The initially very high mortal-
ity rates declined over several years, and investiga-
tions showed that both rabbits and virus had
changed. The same strain of virus that killed 90% of
wild-caught rabbits during the first year killed only
30% seven years later, indicating selection for resis-
tance in the host. Meanwhile, virus isolated from
wild rabbits showed reduced virulence over time
(Fenner and Kerr, 1994). It is possible that such a
scenario might have played itself out during homi-
nid evolution, providing a new pathogen was suffi-
ciently lethal yet capable of being transmitted to
enough new susceptibles to be able to persist in the
population (but these are a lot of “ifs”!).

Clarke (1976) suggested that this condition ob-
tains whenever the enhanced ability to resist one
pathogen reduces a host’s ability to resist another,
i.e., the resistant host will still be susceptible to
infection with a virus that has mutated to overcome
the resistance factor. Changes in cell surface recep-
tor sites may facilitate the binding of viruses with
altered coat proteins. Viral proteins may mimic host
antigens and thereby escape immune surveillance in
most individuals; hosts with rare antigenic types
would have an advantage. Many viruses wrap them-
selves in a host cell membrane on their way out of
the infected cell. Upon attacking another individual
of a different antigenic type, the new host will re-
spond with antibodies against the antigens picked
up from the previous host. Under these conditions, a
population with greater heterogeneity in cell surface
antigens makes it harder for enveloped viruses to
find a tolerant host, and this may have been impor-
tant in promoting MHC diversity (Bodmer, 1972).
Enveloped viruses include most of the RNA viruses
(among the DNA viruses, herpesviruses pick up bits
of nuclear membrane, and poxviruses snatch pro-
teins from Golgi bodies).

The final three conditions are related; host and
pathogen numbers are dependent on each other
when the host species is the natural one and thus
encounters the parasite regularly, and the pathogen
has no other important natural reservoir. This
means that zoonoses, in spite of their potential for
dramatic consequences, are unlikely to lead to last-
ing selective effects; their role was probably limited
to keeping hominids from exploiting certain micro-
environments. And while some viruses encountered
by hominids may have been fatal, the ones for which
they were a frequent host could not have been too
serious (or they would not have persisted in small
populations), certainly not to the extent required for
strong selection pressure.

Possible exceptions may have been when new vi-
ruses like the HTLVs or hepatitis B entered the
human line (sometime before modern humans left
Africa), or when migrating hominids encountered
unfamiliar RNA viruses with their tendency to cross
species barriers. These situations were probably
few; individual viruses were not likely to have been
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important factors selecting for balanced polymor-
phisms in our line much before the Neolithic, if even
then. The relative dearth of known resistance fac-
tors to any kind of pathogen reinforces this conclu-
sion. The best-known example of a specific parasite-
polymorphism relationship is falciparum malaria
and the various alleles associated with resistance to
it, including sickle-cell and other hemoglobins and
glucose-6-phosphate dehydrogenase (G6PD) vari-
ants. These polymorphisms appear to have evolved
recently, however. Emergence of the ancestral
strain of Plasmodium falciparum has been esti-
mated at 3,200-7,700 years ago, since the introduc-
tion of agriculture in Africa (Volkman et al., 2001),
and two of the most common G6PD polymorphisms
are of about the same age (Tishkoff et al., 2001).

It is more likely that selection due to a number of
pathogens collectively helped maintain general dis-
ease resistance and a strong immune response. Con-
sidering the range of environments Pliocene homin-
ids probably exploited (Potts, 1998), they were likely
to encounter a wide variety of viruses with the po-
tential for interspecies transmission. The tendency
for multiple infectious agents to share receptor sites
(Baranowski et al., 2001) means that viruses may
also have acted in concert with other pathogens to
influence the evolution of cell surface properties. In
this regard, the recent discovery that humans lack
N-glycolylneuraminic acid (Neu5Gc), a sialic acid
receptor used by several viruses and other patho-
gens, is interesting (Varki, 2001; the possible inhib-
iting effect of Neu5Gc on brain development may
also have contributed to selection against this recep-
tor in hominids). Viruses that bind to Neu5Gc in-
clude some corona-, rota-, and influenza viruses,
which explains why some strains (e.g., avian influ-
enza; Webster, 1997) are not infectious in humans.
Neub5Ge is not found in Neandertal fossils; the en-
zyme that produces it was inactivated in the human
line by an Alu insertion estimated to have occurred
2.7-2.8 mya (Chou et al., 2002). It is tempting to link
this with the behavioral shift to more meat-eating in
hominids, which would have increased their expo-
sure to the viral families we now share with our
domesticates and which are just the highly mutable
agents that bind to sialic acids.

Another example of a cell-surface mutation re-
lated to disease resistance is a 32-base-pair deletion
in the CC chemokine receptor-5 gene (CCR-5), asso-
ciated with resistance to HIV-1 and possibly the
plague bacillus. Homozygous individuals have
nearly complete resistance to HIV infection, while
heterozygotes experience delayed onset of symptoms
(Stephens et al., 1998). The chemokine receptor
CCR-5 is a coreceptor (along with the CD4 protein)
for HIV and related viruses in their entry into mac-
rophages and initiation of infection. The mutant al-
lele is present at high frequencies in some European
populations, but is absent in Africans, Native Amer-
icans, and East Asians (Liu et al., 1996; Samson et
al., 1996). With the use of coalescence theory to

analyze the linkage disequilibrium between it and
two microsatellite loci, the delta32 mutation has
been dated to around 700 years ago, about the time
of the 14th century Black Death in Europe, suggest-
ing that the mutant allele may also confer some
resistance to the plague (Stephens et al., 1998). If
this is true, it indicates the levels of mortality (esti-
mated to have been 25-33%) required for selection
for such a polymorphism.

Along with other infectious diseases, viral infec-
tions would have helped maintain a strong immune
response and promoted diversity in the major histo-
compatibility complex (MHC), T-cell receptors, and
B-cells involved in antibody production, as well as in
other loci that influence the quality of immune re-
sponse (Zinkernagel et al., 1985; Hill and Motulsky,
1999). There would have been strong selective pres-
sure against any reduction in the ability to resist
infection (Svanborg-Eden and Levin, 1990). The
MHC, also known in humans as the human leuko-
cyte antigen (HLA) complex, is the most highly poly-
morphic genetic system in mammals. These anti-
gens are present on cell surfaces, and bind foreign
antigen fragments for presentation to T-lymphocyte
receptors. MHC diversity results from meiotic re-
combination facilitated by high levels of heterozy-
gosity; diversity in B-cells and in T-cell receptors is
generated by somatic recombination, clonal selec-
tion, and higher than normal mutation rates, mech-
anisms thought to have evolved under pressure from
parasites (Sarkar, 1992; Knapp, 2002). Balancing
selection in the form of immune reactions between
mother and fetus and negative assortative mating
may be involved in maintaining MHC heterozygos-
ity (Black and Hedrick, 1997; Ober, 1999; Penn and
Potts, 1999; Wedekind and Penn, 2000); viral infec-
tion may also contribute. In mice, individuals in-
fected with mouse hepatitis virus produce even more
MHC heterozygotes (Rulicke et al., 1998). Descen-
dants of Dutch colonists in Surinam who survived
19th century epidemics of typhoid and yellow fevers
(with combined mortality ~60%) have significantly
higher heterogeneity at an MHC locus and others
involved in control of the immune response than did
a Dutch control sample (deVries et al., 1979). Indi-
viduals with high MHC heterozygosity have en-
hanced resistance to multiple parasites, while vari-
ation among individuals (favored by the presence of
more alleles in a population) limits transmission of
rapidly evolving viruses (Black, 1992). MHC mating
preferences may produce a “moving target” against
rapidly evolving parasites that would otherwise es-
cape immune recognition (Penn and Potts, 1999). A
clear correlation between MHC polymorphism and
selection by infectious disease is difficult to prove,
however, and other explanations of MHC-dependent
mate preferences include the need to avoid inbreed-
ing (Penn and Potts, 1999; Wedekind and Penn,
2000).

The disassortative mating required to maintain
high levels of MHC heterozygosity suggests that
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parasite-mediated selection also affected behavior
(Penn and Potts, 1999), although such nonrandom
mating is not universal in animals (Wedekind and
Penn, 2000). Some studies suggest that it may be
mediated by mate choice in response to odor in mice
(Howard, 1991; Potts et al., 1991) and in humans
(Wedekind et al., 1995; Wedekind and Fiiri, 1997;
Ober, 1999; Jacob et al., 2002). Negative assortative
mating for MHC loci was not found among South
American Indians, however (Hedrick and Black,
1997). In addition, South American Indians have
fewer MHC alleles than other human populations
(Black, 1990; Black and Hedrick, 1997), in part a
legacy of founder effect and genetic drift associated
with the peopling of the Americas, but which also
correlates with their lower pre-Columbian exposure
to viral diseases (Van Blerkom, 1997).

Another behavior that might have evolved in re-
sponse to disease is illustrated by less frequent in-
tergroup transfer among rainforest primates with
higher parasite loads (Freeland, 1979). Savanna ba-
boons have a higher rate of exchange of individuals
between groups, but also fewer species of intestinal
protozoa (viruses were not examined in this study).
Forest-dwelling mangabeys, blue monkeys, and red-
tail monkeys, on the other hand, had more proto-
zoan species, much lower rates of transfer, and
greater intergroup differences in their parasites. Ap-
parently in conditions of higher pathogen loads
there has been disease-related selection against
traits that lead to high rates of transfer. Group
members may also discriminate among potential
new members in terms of probable disease risk. This
phenomenon may be only one form of a group of
avoidance behaviors that have evolved in animals in
response to selection by infectious diseases; human
examples might include negative reactions to the
smell of feces and rotting flesh and an aversion to
maggots (Curtis and Biran, 2001).

Interpopulation selection

In theory, infectious disease-driven selection may
not only maintain diversity within populations, but
also promote divergence between populations, per-
haps even to the point of speciation (Haldane, 1949;
Clarke, 1976). If two populations share an infectious
agent, it is advantageous for them to diverge from
the more susceptible genotype. Shared infections
can also lead to habitat partitioning, as a way of
reducing interspecies transmission (Holt and Pick-
ering, 1985).

Viruses may have affected hominid species diver-
sity both by promoting such divergence and by weed-
ing out less resistant host populations. Haldane
(1949) was the first to propose that disease could
confer a competitive advantage on a population that
had some resistance. Such “parasite-mediated com-
petition” (a form of “apparent competition”) can in-
fluence community structure and eventually elimi-
nate species, even in the absence of competition for
resources (Holt and Pickering, 1985). Apparent com-

petition due to disease has been demonstrated in a
number of natural circumstances and often occurs
when one host species invades the habitat of an-
other. Evidence that introduced viruses can contrib-
ute to population decline in mammals includes the
effects of parapoxvirus (carried by grey squirrels
introduced from North America) on red squirrels in
the UK (Sainsbury et al., 1997) and rinderpest in
African ungulates (Dobson and Hudson, 1986). Ca-
nine distemper has been implicated in local extinc-
tions of African wild dogs and black-footed ferret
populations, while canine parvovirus threatens gray
wolves (Daszak et al., 2000), and both of these plus
rabies are blamed for declines in Ethiopian wolves
(Hudson and Greenman, 1998).

Mathematical models of apparent competition
suggest that shared pathogens are capable of limit-
ing host species diversity, provided certain criteria
are met. Requirements for parasite-mediated exclu-
sion of one host species by another include the fol-
lowing (Holt and Pickering, 1985; Holt and Lawton,
1994):

1. Host species with shared pathogen(s);

2. Both within- and cross-species transmission;

3. Differences in host reproductive rates of (unin-
fected individuals); and

4. Differences in host susceptibility to infection or
tolerance to the disease (birth, death, and recov-
ery rates of infected individuals).

Given the kinds of viruses likely to have been
present, could they have affected hominid species
diversity during the Plio-Pleistocene? The first re-
quirement (shared viruses) was more than likely
met. The frequency with which retroviruses, for ex-
ample, have crossed species lines among catarrhine
primates makes it not improbable that viruses were
shared by hominids in the past. The potential for
shared viruses is more pronounced in closely related
species, as susceptibility to available pathogens in-
creases with phylogenetic relatedness (Holt and
Pickering, 1985). Once hominids began exploiting
more open environments, the sharing of parasites
may have been even easier, as a survey of African
cercopithecoids found that groups of savanna ba-
boons were more likely to share protozoal parasites
than were forest monkeys (Freeland, 1979).

Host population declines are more likely when the
shared pathogen is not limited by resources other
than susceptible hosts and there is a strong numer-
ical response to host density (Holt and Lawton,
1994; Hudson and Greenman, 1998). Generalist
pathogens (widely present in the environment or in
many other species) are usually not as powerful to
depress or exclude host species as are more specific
ones (i.e., specific to the host species in apparent
competition). Viruses implicated in apparent compe-
tition today [canine distemper, rinderpest (both
paramyxoviruses), squirrel parapox (a poxvirus), ca-
nine parvovirus, and rabies] are, with the exception
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of rabies, all fairly host-specific, confining their
range mostly to within a particular mammalian or-
der. Candidate viruses that specialized in infecting
primates during the Plio-Pleistocene probably in-
cluded herpes-, papilloma-, adeno-, parvo-, and pi-
cornaviruses, plus PTLVs and various hepatitis vi-
ruses.

The effects of shared parasites on population
structure are a function of the frequencies of trans-
mission within and between species in apparent
competition (condition 2; Holt and Pickering, 1985),
with exclusion being favored by greater interspecific
communication. This would appear to require fre-
quent interspecies contact, at least for contact infec-
tions. This is generally rare but could be more com-
mon when individuals are evenly spread within
territories and the territories of different species can
overlap (Hudson and Greenman, 1998). The likeli-
hood of between-species transmission is also in-
creased when pathogens have long-lived free-living
stages, cause chronic carrier states in a reservoir
host, or are vector- or water-borne. Behaviors such
as hunting or scavenging also increase the probabil-
ity of interspecies transmission. Indeed, when homi-
nids became serious meat-eaters, they would have
been exposed more frequently to other species’
pathogens (McMichael, 2001), including those of
other hominids if such carcasses were scavenged.
Considering the zeal with which chimpanzees hunt
colobus monkeys and some Africans enjoy bush-
meat, the discovery that 20% of wild monkeys in
Cameroon are SIV-infected suggests a considerable
potential for transmission of infection among homi-
nids and other primates in the past (Peeters et al.,
2002).

Intraspecies transmission is also required. Some
populations may be highly susceptible to infection
but incapable of supporting transmission within the
population, in which case serious disease-mediated
consequences are unlikely. Many zoonotic infections
(such as rabies) produce dead-end infections in hu-
mans, and the chain of transmission is broken; these
are unlikely to have affected hominid diversity. Any
viruses involved in parasite-mediated competition
must have been able to spread in those hosts.

Conditions 3 and 4 relate the probability of exclu-
sion to relative susceptibility and resistance of host
populations, and to the birth and death rates of both
infected and uninfected host individuals. If all else is
equal, the host with the higher intrinsic growth rate
when uninfected will be dominant and exclude the
other; populations with lower growth rates are more
vulnerable to disease-mediated decline (Holt and
Pickering, 1985). Reproductive rates can be low be-
cause of long generation length, low clutch size, or
scarcity of resources (due to living at the edge of
one’s niche or close to its geographical limits, spe-
cializing in scarce resources, or engaging in inter-
specific competition; Holt and Lawton, 1994). Homi-
nids were no doubt characterized by several of these
conditions, giving species with a reproductive “edge”

an advantage for disease-mediated competition as
well.

Exclusion is also favored if the other host has a
lower susceptibility to infection or higher tolerance
to the disease (i.e., faster recovery, lower death rate,
or higher reproductive rate when infected). The host
that by itself can sustain a higher density of infected
individuals can depress or exclude an alternate host
(Holt and Pickering, 1985), e.g., by being a reservoir
(Holt and Lawton, 1994; Dobson and Hudson, 1986).
Viruses frequently affect inexperienced populations
more seriously than they do their usual hosts, so the
introduction of a new pathogen by an in-migrating
host can have severe consequences for native spe-
cies. Isolation increases the potential for die-off upon
first contact, although secondary transmission is
less likely among animals living singly or in small
family groups than among those living in large com-
munities (Haldane, 1949). In addition, genetically
more diverse populations are generally more resis-
tant (May, 1983; Hudson and Greenman, 1998).

This implies parasites with considerable viru-
lence, which often results when viruses of one spe-
cies are introduced into another. Interspecies trans-
mission of herpesviruses, for example, can be deadly
for the new host. The rhesus strain of monkey B
virus is lethal in nonmacaques (Smith et al., 1998),
and human herpesvirus type 1 (HHV-1) is fatal in
owl monkeys and occasionally in other primates
(gibbons, lemurs) (Skinner et al., 2001; Huemer et
al., 2002). An African elephant herpesvirus kills
young Asian elephants in zoos, and an Asian virus is
suspected in the death of an infant African elephant
(Ferber, 1999). Many RNA viruses (e.g., SIVs and
hepatitis viruses) cause inapparent infections in res-
ervoir hosts, but produce fatal consequences in other
species.

Thus virus-mediated apparent competition could
have played a role in human evolution. Such com-
petition among hominid populations in the Pliocene
may have helped prune some of the branches of our
phylogenetic tree (with emphasis on helped, as dis-
ease is likely to have been only one factor), but it
may also have promoted habitat partitioning and
speciation. Scavenging and/or hunting would have
increased the potential for transmission of viruses
between species. One can only speculate about the
other kinds of interspecies contact that may have
taken place. Infectious disease may have played an
important role in shaping hominid species diversity
during the Pliocene.

Later hominids may have carried viruses out of
Africa and introduced them into inexperienced hom-
inid populations in Asia and Europe (e.g., Neander-
tals and other archaic forms). MacPhee and Marx
(1997) proposed this as a factor in late Quaternary
faunal extinctions, whereby “hyperdisease” carried
by migrating humans or associated fauna (especially
dogs) contributed to a number of extinctions in the
New World and elsewhere over the last 40,000
years. Viruses carried by domesticated dogs have
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been implicated in population declines and local ex-
tinctions of a number of wild carnivores (Pain, 1997;
Daszak et al., 2000), and dogs carry many diseases
transmissible to humans as well. The time at which
humans acquired dogs is not yet settled, however.
An mtDNA study of wolves and dogs suggested it
was well before the earliest osteological evidence of
roughly 14 kya (Vila et al., 1999), but more recent
work locates the earliest domestic dogs somewhere
around 15 (or possibly 40) kya in East Asia (Savol-
ainen, 2002), probably too late to have been a major
source of disease for Neandertals but within the
realm of possibility for New World faunal extinc-
tions. Rabies virus meets all the hyperdisease re-
quirements proposed by MacPhee and Marx (1997)
(reservoir species with stable carrier state, epizootic
potential, mortality rates in excess of 75%, and abil-
ity to infect multiple species without seriously
threatening humans); indeed, rabies is one of the
most threatening diseases for wildlife when intro-
duced into a new area (Hudson and Greenman,
1998). Rabies may be a good candidate for mediating
competition among carnivores, but its lack of in-
traspecific transmission in humans limits its poten-
tial for affecting population structure in hominids.

Migrating modern humans probably carried
HTLVs and herpesviruses, if not others that pro-
duced chronic, inapparent infections in their long-
standing host but that might have proven dangerous
to other hominids, e.g., hepatitis, genital papillo-
mas, and picornaviruses such as enteroviruses and
rhinoviruses. Any such virus should now be world-
wide in distribution as a consequence of its spread
during the human diaspora (MacPhee and Marx,
1997). In connection with rhinoviruses, it is inter-
esting to note that differences in nasal aerodynam-
ics have been correlated with susceptibility to these
agents (Uliyanov, 1998). In particular, individuals
with nasal airflow directed more toward the inferior
rather than the medial nasal passages are not as
efficient at filtering or warming inspired air, and are
thus more likely to catch colds. Recent work on
Neandertal nasal anatomy suggests that they may
have had this airflow pattern (Churchill et al.,
1999).

Other animal viruses may have inadvertently
spread at the same time as humans; people were not
the only thing expanding out of Africa. Migrating
fauna would have brought many of their parasites
with them. The rabies viruses of European bats and
carnivores appear to be derived from lyssaviruses of
African bats (Amengual et al., 1997). Arthropod vec-
tor distributions expanded as climates changed, as
did reservoir hosts; this may have been when mos-
quito-borne flaviviruses began spreading out of Af-
rica.

Pathogens are more effective as regulatory agents
among newly introduced species or when the para-
sites are introduced into new regions (May, 1983).
They can cause both catastrophic population decline
plus chronic population depression if threshold host

density for transmission is low enough. In the end, it
is unlikely that disease alone causes extinction (re-
member the rabbits in Australia), but it can cause
sufficient population depression to render popula-
tions more susceptible to it, especially in combina-
tion with other stressors. Only a small demographic
advantage is required to result in extinction. A mor-
tality differential of only 2% between Neanderthals
and modern humans could have led to extinction in
roughly 30 generations, or 1,000 years (Zubrow,
1989).

Molecular genetic parasites

Viruses may also have affected human evolution
as agents of genetic change via recombination and
gene conversion. With their close association with
cellular DNA, viruses have been in a position to
directly affect the genomes of their hosts. One way
this has happened is through recombination with
cellular DNA. Most of this would have occurred in
very early stages of organismal evolution, however,
and it is now more likely in plants; it requires germ-
cell infection to produce inherited variation in
higher animals. Similarities between viral and cel-
lular DNA polymerases suggest frequent recombina-
tion and “gene capture” at some far distant era in
the past, however (McGeoch, 1989; Villareal, 1999).
Viruses may have been “gene-shufflers” during early
stages in the evolution of life, and as such may have
played an active role in molding early genomes (Bal-
ter, 2000).

One type of virus has continued to be such an
agent during primate and hominid evolution, how-
ever. The capacity of retroviruses to insert their
genetic material into cellular DNA and to retro-
transpose to new locations gives them a significant
capacity to modify host genomes. Reflecting the
great antiquity of retroviruses and retroid elements,
these endogenous retroviruses are found in all eu-
karyotes, and reverse transcriptase may have been
involved in the earliest phases of life (McClure,
1995). They appear to have been especially active
during primate evolution. Human endogenous ret-
roviruses (HERVSs), remnants of ancient germ-cell
infections occurring 5-50 mya, make up about 1% of
the human genome (Wilkinson et al., 1994; Lower et
al., 1996; Johnson and Coffin, 1999; Sverdlov, 1998).
A number of HERV families are estimated to have
integrated at different times and from different ex-
ogenous viruses (Table 2). They are not as common
in platyrrhines as in catarrhines, and therefore most
are estimated to be ~30—40 million years old (Cos-
tas and Naveira, 2000). Highly expressed in placen-
tal tissue and certain tumors, some of these se-
quences result in pathological conditions such as
autoimmune disease, leukemia, and other cancers
(Wilkinson et al., 1994; Weiss et al., 1999), while
others are involved in the regulation of host gene
expression, placental formation, and immunosup-
pression during pregnancy (Table 2). An especially
well-studied example of HERV genetic effects is the
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TABLE 2. Human endogenous retrovirus families!

Copy number

Also found in

Biological roles

Class I
HERV-E 35-50 Apes and Old World monkeys Salivary amylase gene expression®
HERV-H 50-100 intact, ~900 deleted Apes and Old World monkeys LTRs involgved in gene regulation in
placenta
HERV-I ~25 Apes and Old World monkeys LTR mfy help regulate cytochrome c,
gene
HERV-P 10-20 each of three types Apes, OW and NW monkeys Not known
HERV-R 1 Apes and Old World monkeys Immunosuppression in placenta (env)®
HERV-W Multiple copies Apes and Old World monkeys? env gene product involved in placental
morphogenesis®
ERV-9 30-40; at least 4,000 LTRs Apes and Old World monkeys LTRs may be involved in gene
regulation”’
Class II
HERV-K 30-50 intact, ~ 25,000 solitary LTRs  Apes and OW monkeys; some LTRs may be involved in gene

are human-specific

regulation; expressed in placenta®

1 Class I, more closely related to murine leukemia virus; class II, related to mouse mammary tumor virus. Families defined by type
of tRNA that binds to 5" LTR primer binding site. General references: Shih et al., 1991; Wilkinson et al., 1994; Lower et al., 1996. NW,

New World; OW, Old World.

2 Samuelson et al., 1990; Ting et al., 1992.
3 Goodchild et al., 1992.

4 Suzuki et al., 1990.

5 Venables et al., 1995.

% Blond et al., 1999; Mi et al., 2000.

7 Costas and Naveira, 2000.

8 Akopov et al., 1998; Kapitonov and Jurka, 1999; Baust et al., 2000.

ANY 2 e gl

pseudogene

3’ LTR
AMY1 —i

env pol

I—» Pancreatic amylase

gag 5 LTR

e 7

L—> Salivary amylase

Fig. 15. Tissue-specific gene expression mediated by HERV insertion: salivary amylase. Enhancer sequences in ERVA1 LTR
inserted into 5’ flanking region of pancreatic amylase gene (AMY2) activate cryptic promoter in adjoining y-actin pseudogene and
result in expression of salivary amylase in parotid gland (AMY1). Insertion estimated at 39 mya in an anthropoid ancestor (Samuelson

et al., 1990; Ting et al., 1992).

tissue-specific expression of salivary and pancreatic
amylases, mediated by insertion of an endogenous
retrovirus into the amylase gene (Fig. 15; Samuel-
son et al., 1990; Ting et al., 1992).

Particularly interesting is the HERV-K family, a
transpositionally active group found in Old World
monkeys and apes and which includes a number of
sequences inserted into the human genome since the
divergence of humans and chimpanzees (Barbulescu
et al., 1999; Costas, 2001). These uniquely human
proviruses and solitary long terminal repeats
(LTRs) may have played a role in hominid evolution
(Lebedev et al., 2000). HERV-K LTRs are capable of
affecting the expression of nearby genes (Lower et
al., 1996; Baust et al., 2000). They contain potential
hormone response elements, enhancers, promoters,
polyadenylation signals, and transcription factor
binding sites that could be involved in the regulation
of adjacent genes if inserted in an appropriate con-
text (Sverdlov, 2000). HERV-K LTRs can bind host-
cell nuclear proteins and have the potential to acti-

vate neighboring genes (Akopov et al., 1998). They
can act as switches for alternative splicing (e.g.,
alternate forms of the leptin receptor) and therefore
be involved in transcriptional and posttranscrip-
tional regulation of gene expression (Kapitonov and
Jurka, 1999). Some HERV-K proviral genes are ex-
pressed in humans (Barbulescu et al., 1999).

These HERVs resemble no known human exoge-
nous viruses; the ancestral viruses appear to have
been eliminated (Wilkinson et al., 1994). A possible
selective advantage is reduced susceptibility to in-
fection with exogenous retroviruses (Lower et al.,
1996). That HERV proviral genes are expressed only
in embryonic or placental tissue suggests a potential
role in early development (and perhaps important
species differences).

CONCLUSIONS
Our ancestors were liable to infection with a num-

ber of viruses throughout our evolutionary history.
While our most ancient and coevolving DNA viruses
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were well-adapted to hominids and unlikely to cause
more than persistent mild infections, a variety of
emerging RNA viruses undoubtedly affected homin-
ids, some as isolated zoonotic infections incapable of
being transmitted directly to other hominids, and
others as new acquisitions via interspecies trans-
mission. Some of these adapted to their new host
and perhaps were shared with other species.

Even the earliest hominids carried endogenous
retroviruses capable of acting as insertional muta-
gens. The existence of unique human HERV-K se-
quences suggests that retrotranspositional events
since the human-ape divergence may have helped
mold the hominid genome. The tendency for proviral
genes to be expressed in placental and embryonic
tissues suggests the possibility of changes in gene
expression affecting development.

Until human and associated animal populations
increased in size and density in the Neolithic, spe-
cific viruses were unlikely to have selected for bal-
anced polymorphisms like those conferring resis-
tance to falciparum malaria. In combination with
other infectious agents, however, viruses must have
contributed to selection pressure maintaining a
strong immune response (including MHC diversity)
and favoring changes in cell surface receptors. Given
the range of environments Pliocene hominids ex-
ploited and the likelihood they engaged in scaveng-
ing or hunting, they were probably exposed to a wide
variety of zoonotic and emerging parasites.

The late Miocene/early Pliocene epochs saw a ra-
diation of hominids, and there was undoubtedly
competition among some of them. Viruses and other
parasites may have contributed to both this prolif-
eration of species and the subsequent pruning of the
hominid family tree through apparent competition
mediated by parasites. Herpes-, papilloma-, adeno-,
picorna- and hepatitis viruses were all probably
present in African anthropoids and could have been
involved. At some point before the exodus of anatom-
ically modern humans out of Africa, the human lin-
eage acquired, in addition, HTLV-I and -II, poliovi-
rus, and perhaps smallpox. Hominids probably met
up with RNA viruses that are readily transmitted
across species lines and cause diarrheal and respi-
ratory conditions (e.g., rotaviruses, caliciviruses,
and coronaviruses).

When hominids began migrating out of Africa,
they would have encountered a new cast of viruses.
They would also have carried with them many of the
old. This “pathogen pollution” may have contributed
to faunal extinctions following first contact, and in
the case of anatomically modern humans, other
hominids they encountered might have been vulner-
able as well. Parasite-mediated competition might
have resulted from viruses carried by humans (her-
pes simplex, HTLV, hepatitis, polio, and rhinovi-
ruses), and differential susceptibility to zoonoses
emergent in an environment both populations were
using (e.g., rabies), or agents carried along in comi-
grating animals (dogs?) and arthropods (e.g., mos-

quito-borne flaviviruses) could hasten the demise of
already foundering populations. Infectious disease,
while not likely to cause epidemic spread in small
scattered Pleistocene populations, may have added
to the effects of climate change and nutritional
stress to tip the balance toward local extinction in
Neandertals and other archaic human populations
competing with anatomically modern humans.

Humans acquired many more viruses during the
Neolithic, primarily from domestic and commensal
animals, but by this time biological evolution in our
species had become relatively unimportant. Homo
sapiens was the only surviving lineage, and para-
site-mediated competition became a way for more
immunologically sophisticated populations to over-
run those less so, as in the cases of Native Ameri-
cans and Australians confronted with European in-
vaders. That the two sides were of the same species
helped keep the conquered populations from total
extinction (although not the Tasmanians or some
American tribes); interbreeding may have helped
save the outcompeted populations. Neandertals may
have had no such safety net, or if they did, it was not
enough to save them.

This study has only begun to consider the effects
of disease on human evolution. Much more needs to
be done. In virology, we need more work deciphering
the evolutionary histories of the most common hu-
man viruses and determining just what role the
unique human HERV-K insertions might play in the
human genome. In the area of ancient DNA, it might
be possible to use molecular probes to search for
viral nucleic acids in well-preserved fossil remains,
although this would be useful in studying only more
recent events. For example, researchers working on
late Pleistocene extinctions have recovered and se-
quenced endogenous retroviruses of mammoths by
this means (Greenwood et al., 2001).

Sophisticated mathematical models of parasite-
mediated competition have been derived (Holt and
Pickering, 1985; Holt and Lawton, 1994), and these
might generate testable hypotheses concerning the
possibility of such competition during human evolu-
tion. And finally, this analysis could be extended to
bacterial, protozoal, and other human infections
(e.g., recent work on trypanosomes, malaria plasmo-
dia, tapeworms, and bacteria that cause tuberculo-
sis, dysentery, and stomach ulcers suggests that
many human diseases are surprisingly old; Zimmer,
2001), although these agents, given their larger ge-
nomes, are not as easy to study as viruses. With
growing interest in the coevolution of humans and
their disease, this topic is not likely to be ignored.
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