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retroviruses (HTLV), are complex, but manifest comparatively lower rates of genetic
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“All is flux." 

—Heraclitus

The Future of
Human Immunodeficiency Virus

The phylogenetic processes of most viruses are slow compared with the rate at 
which their diseases spread. Even when the genetic variation of a pathogenic virus 
is unusually brisk, making vaccine modifications a perennial challenge, the dimen-

The Eniluiuinury BiuloKy V«r«u«, 
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be examined. First, the global rate of HIV variation will be discussed. Then we will 

turn to an «

is an exceptional case: as a result of a recent ecological breakthrough it appears to be 
 r j of “fast-forward” evolution. This chapter will argue, on the 

basi?of genetic indications, that the future of HIV will be characterized not only by 

continued rapid genetic variation, but also by a significant broadening of the clinical 

spectrum of AIDS.
Evolutionary biology is on safer ground when it inquires into the past, rather than

first part of this chapter will consider certain aspects of the speciation and molecular 
 ■■ ■ _1 we deem most predictive. What is known of its past

suggests tha/HIV is in a singularly threatening state of evolutionary disequilibrium.

In the second part of the chapter, some quantitative features of HIV variation will 
be examined. First, the global rate of HIV variation will be discussed. Then we will 
turn to an extraordinary characteristic of all known primate immunodeficiency vi­
ruses: they are highly variable and also complex. (By complex we mean that they 

are able to regulate their own gene expression; 11). These would seem to be oppos­
ing evolutionary tendencies: Some viruses, such as the human T-cell lymphotropic 

change; other BN A viruses mutate rapidly, but their near-total dependence on intri-

HIV Sequence Database and Analysis Project. Theoretical Division, 
Los Alamos National Laboratory', Los Alamos. New Mexico 87545

spectrum of AIDS.
Evolutionary biology is on safer ground when it inquires into the past, rather than 

the future. Although some unanswered questions remain about the deep history of 
the AIDS viruses, our understanding of their recent emergence has grown swiftly 
since the publication of the first HIV genetic sequences in 1985 (1-11; see also 
chap 10). Although we will not systematically review that body of information, the 

epidemiology of HIV that we deem most predictive. What is known of its past

which their diseases spread. Even when the genetic variation of a pathogenic virus 
is unusually brisk, making vaccine modifications a perennial challenge, the dimen­
sions of the disease typically remain unchanged (I). Human immunodeficiency vi­

rus (HIV), which causes acquired immunodeficiency syndrome (AIDS) in humans, 

engagedin a process of “fast-forward” evolution. This chapter will argue, on the
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THE RECENT EMERGENCE OF HIV

Simian Origin of HIV: An Evolutionary Turning Point

Three historical moments, each traceable to the 1970s, mark the onset of AIDS in 
the world. These three events are the epidemic of HIV-1 disease, the separate epi­
demic of HIV-2 disc i and the outbreak (epizootic) of AIDS-like disease in cap­
tive macaques, animals not found to be infected in the wild. Two earlier incidents of 
apparent HIV-1 infection have been documented retrospectively; the one referred to 
as the “Manchester sailor” case (16), involving a seropositive sample from 1959, is 
now undergoing molecular investigation. The preponderance of HIV-1 AIDS 
viewed from the dual standpoint of clinical and seroepidemiological records, how­
ever. came forward in Africa and the United States in the 1970s (2,10). What began 
as a handful of cases known anecdotally in the 1960s and 1970s has now resulted in 
the estimated infection of more than 10 million individuals: HIV-1 alone is expected 
to infect more than 40 million people by the year 2000 (17,18).

HIV-2 AIDS, which, until recently, has largely been associated with people of 
West Africa, does not have an equally well-documented seroepidemiologic record 
(10). However, the evidence of early cases of HIV-2 dissemination to India (19), 
Spain (20). Brazil (21), and even the near-epicentric Cameroon (22) is suggestive of 

a new and separate AIDS pandemic. The HIV-2 epidemic in India appears to be 
aggressive compared with the current low level of infection elsewhere outside of 
western Africa (19).

Finally, sooty mangabey viruses (SIVsmm) that are virtually indistinguishable 
from HlV-2s (see later) contributed to a devastating epizootic in the mid-1970s. The 
SIVsmm cross-infected stump-tailed macaques housed with the viruses’ natural 
hosts, mangabeys from West Africa, first at the California Regional Primate Center 
in the 1960s, then subsequently at other United States primate centers (23,24).

This historical background, together with molecular evidence (discussed in a later 
section), has led AIDS researchers to conclude that three independent events of 
cross-species viral transmission and subsequent dissemination in the recipient spe­
cies occurred at about the same time. Explanations for this striking improbability 
have focused on accidents and social conditions: (a) increased handling of animals 
associated with the sharp increase of animal exportation from Africa, (b) the wide­
spread use of needles in association with human and captive monkey vaccination 
programs, and (c) urbanization of Africa (2,3,10,15,17,23). We may never know 
which of these contributing factors was most responsible for the origin of AIDS.

To illustrate the kind of molecular epidemiological evidence (reviewed in 9-11) 
that has supported the hypothesis of a recent simian origin of AIDS, one need only 
consider that it is not possible to tell from SIV/H1V-2 genetic sequences whether 
they were derived from an infected sooty mangabey or an infected human. We can 
add to this the fact that the range of sooty mangabeys in West Africa overlaps the 
epicenter of the HIV-2 epidemic (25,26). Moreover, several cases of apparent SIV 
infection of laboratory workers arc now under investigation (27,28).

The close genetic relation of human and simian immunodeficiency viruses is 

apparent from the phylogenetic tree shown in Fig. I. For the sake of clarity, only a 
very small number of known HIV and SIV sequences have been included in this tree 

analysis, which is based on relatively conservative homologous pol gene sequences 
(29). This tree is representative of the many sequences that have not been included.

There is strong evidence that HIVs and SIVs have naturally evolved from an 
unknown precusor within the highly diverse subfamily of lentiretroviruses, found 
also in ungulates and felids (12). The worldwide prevalence of these retroviruses 
suggests that they are old (13), but there is as yet no consensus about how old they 
are, especially in relation to the divergence of HIVs and SIVs. The European and 
South African visna viruses, which infect domesticated sheep, diverged from one 
another about 50 years ago, and one group of researchers has, on the basis of this 
fact, hypothesized a minimum “lookback" time for lentiviral radiation of merely 

400 years (14). Eigen’s calculations, in contrast, place the oldest common ancestor 
for known human and simian lentiviruses back at least 600 to 1,200 years (5), and it 
has been argued that even this seems too short a time for the dissemination of the 
felid lentiviruses (13). What is more, the African green monkey lentivirus 
(SIVagm), which may well be the distant predecessor of HIVs, is believed to have 
been present before the allopatric speciation of host guenons several thousand years 
ago; the four extant species of green monkeys dispersed throughout Africa harbor 
four distinguishable subtypes of SIV (15).

These reckonings—hundreds of years, thousands of years—are arguably short 
spans even on a microbial evolutionary scale. Yet, precisely because so much mo­
lecular genetic activity has gone on in the short evolutionary stretch of the len­
tiviruses, the deeper branches of the lentiviral tree are enveloped in darkness (9). 
This indeterminacy will not, however, be a consideration of any weight for our 
purposes, because our focus will be on the primate lentiviruses, particularly the 
recent emergence of HIVs from SIVs, to which we will now turn.

cate aspects of host cell machinery places considerable constraint on their degrees of 
evolutionary freedom. The primate immunodeficiency viruses are degenerate in 
their complexity. They display inordinately high frequencies of nonsynonymous 
substitutions, not simply, as we might expect, in their envelope protein-coding se­
quences, but also in their regulatory and accessory genes. This motley evolutionary 
posture, coupled with the familiar collection of retroviral adaptive strategies-inte­
gration. legitimate and illegitimate recombination, transduction, pseudotyping, mo­
lecular mimicry and paralf ’ ' is crucial pathogenic implications.

In the third part of the ph i. we will consider a few of the many different 
hypotheses about AIDS pathogenesis. We will then explore the association of dif­
ferent pathogenic characteristics with different genotypic patterns in both HIVs and 
simian immunodeficiency viruses (SIVs), focusing attention on the now well-stud­
ied HIV V3 loop, a small peptide in the viral coat protein that has an established 
association with HIV phenotype. On the basis of a phenetic analysis of HIV V3 loop 
variation, we will argue that the seemingly untrammeled diversification of HIV 
constitutes a significant factor in its pathogenic potential.
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and it is congruent with trees over other major viral-coding sequences. To empha­
size some of the close relationships that are being encountered by AIDS researchers, 
SIV-derived sequences are highlighted in Fig. I. Note that an “HIV-2 sample, 
designated F0784 in Fig. I, taken from an asymptomatic Liberian individual (30), 
clusters with SIVs in the computer analysis. This is one of the most compelling 
pieces of evidence in support of the suspected mangabey virus origin of HIV-2. The 
close linkage of HIV-1 sequences with viral sequences isolated from wild-caught 
chimpanzees is the best clue yet for the origin of HIV-Is (31,32). It is apparent from 
Fig. I that a Cameroonian "HIV-1” isolate, denoted ANT70 (33), could be inter­

preted as a chimpanzee virus found in a human.
A highly diverse reservoir of immunodeficiency viruses have been catalogued in 

African green monkeys and their relatives (15,34,35). Although the genetic se­
quences determined thus far for these species do not directly account for the emer­
gence of the two known types of HIV, recent phylogenetic studies suggest that the 
mangabey viruses found in West African animals are descendants of sabaeus mon­
key viruses also found in West Africa (Hahn B, personal communication). At least 
13 species of feral African primates are known to be carrying HIV-related viruses 

(15,34); hence, additional zoonotic infections are clearly possible.
The epidemiological and epizootic moments implicit in Fig. I are historical and 

evolutionary turning points, suggestive of a discontinuity in the evolutionary flow. 
When there has been a breakthrough of this sort, Gould argues (as restated by Allan) 
that "punctuated equilibrium asserts that the rate of evolution is accelerated during 
limes of environmental upheaval, resulting in the formation of new species” (15). 
This theory, which has traditionally been understood as adaptive radiation, has 

been described by Gould and colleagues in exact mathematical terms (36); referring 
to this process as bottom-heavy cladism, they predict a burgeoning of genetic forms 
during the period of evolutionary adjustment to a new host (here, humans). There 
is, in fact, evidence for rapid speciation of both HIV and SIV in captive animals 

concurrent with the AIDS pandemic.

If one looks closely at the “leaves” of the phylogenetic tree shown in Fig. 1, one 
sees that there are al least three, distinct subtypes of HIV-2. It is not now known 
whether these subtypes arose through independent events of cross-species transmis­
sion, although that seems the likeliest possibility. Additional information about 
West African simian immunodeficiency viruses is needed to answer this question. 
The subtypes represented by H1V2ROD and HIV2D2O5 in Fig. 1 have an average 
difference of 23% in their coding sequences (37), and within each subtype distances 
of up to 18% are encountered (29). This degree of diversification indicates that the 
subtypes will probably evolve into distinct viral types, differing by al least 50% in 

their coding regions.
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Gould's theory of bottom-heavy cladism attempts to account for temporal asym­
metries in the speciation process over long time periods. Although the existence of 
the five HIV-1 sequence subtypes shown in Fig. 2 is consistent with it. given the 

short time HIVs and SIVs have been observed, the HIV sequence subtypes are not 
sufficient to confirm the theory. Even so, the relationships of viruses shown in Fig. 
2 are suggestive of a condition of disequilibrium that cannot be simply explained by 
a high mutation rate. Influenza A virus, for example, mutates about as rapidly as 
HIV-I, but its pattern of evolution is entirely different from that represented in Figs. 
I and 2: Flu-A trees are decidedly slender, whereas HIV-I trees are bushy (11,41), 
which reminds us of Coffin’s dictum that “mutation and variation are not the same” 
(42). This difference stems, for the most part, from the relative lack of intraspecific 
competition among HIV variants infecting resting cells. It is as if the niche for HIV 
within humans is more tolerant than that for influenza A. Until a steady-state evolu­
tionary process is attained, HIV-I variation might be epidemic-driven in a way that 
flu-A variation is not: specifically, the rate of HIV variation could be a nonlinear
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From newly determined HIV-I gog and env gene sequences (29,38-40), five 

distinct sequence subtypes have now been identified in the major centers of the 

AIDS pandemic (Fig. 2;29). These HIV-I subtypes appear to have diverged from 
one another as recently as 1960, that is to say, they may have proliferated in step 
with the pandemic. (The lookback calculations supporting this hypothesis are con­
sidered in the next section of this chapter.) Because the surveillance effort is still in 
its infancy, it is conceivable that additional prevalent viral sequence subtypes will 

be discovered in the next few years.
Many countries—Brazil, Thailand, Uganda, and India, to name a few—now 

have cocirculating strains of HIV-1. The fact that only a single sequence subtype of 

the five or more known subtypes has yet been reported in United States AIDS 
patients is the result, we suppose, of a very strong founder effect. Currently, no one 
subtype seems to be more successful or more virulent (but, see later section on 
variation and pathogenesis), nor do the subtypes appear to have host preferences. 
The measurements necessary for evaluation of such phenotypic viral polymorphism 
prove quite difficult, however, and subtle changes in transmissibility and the aver­
age incubation time for AIDS can be discerned only with data gathered over a 
period of many years. Although trafficking of extant HIV-I subtypes will undoubt­
edly make a greater contribution than mutation to the virus’s ecological variation in 
the coming decade, the future spectrum of HIV phenotypes, we will argue, will be 

shaped by mutation (including recombination) and selection.
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MOLECULAR FACTORS CONTRIBUTING TO HIV VARIATION

Rate of Variation

s

function of the annual AIDS incidence rate and the total number of infected individ­
uals, irrespective of the hypothesized simian ongin and any general concept of 
temporal asymmetry of viral adaptation. (The Luria-Delbruck equations, which 
describe a Darwinian process for rapidly mutating bacterial populations, tum out to 
be a useful starting point for exploration of this possibility.) The extent, if any, to 
which HIV-1 variation is epidemic-driven, should become apparent as a dilation of 

branch lengths in phylogenetic trees, perhaps by the year 2000.
Finally, the genetic proliferation of HIV in the coming decades can be considered 

from an ecological perspective. Ewald has argued that cultural characteristics will 
dictate, in very short times, the variability and virulence of a pathogen such as HIV 
(43,43a): “As frequencies of unprotected sexual contact with different partners in­
crease, the [viral] benefits of increased durations of infectiousness should decline 
and virulence should increase.” This prediction, which emphasizes variation 
through selection over mutability, can be corroborated or disproved in a few years, 
assuming that the critical timeframe of the HIV pandemic will be comparable with 

the outbreak and evolutionary resolution of the myxoma virus infection in Austra­
lian rabbits, a case thought to have some parallels with AIDS epidemicity. (Con­
trary to popular understanding, Ewald argues, the myxoma virus remains to this day 
significantly pathogenic in Australian rabbits.) Ewald proposes that “explaining the 
evolution of HIV thereore involves determination of how a benign pathogen |SIV) 
can evolve to high levels of virulence rather than how an extremely virulent patho­
gen (myxoma virus] can evolve to high levels of virulence” (43). The thrust of this 
argument is that human behavior—“sexual contact diversity” and intravenous drug 
use involving shared needles—will become an increasingly significant factor in the 

evolution and pathogenicity of HIV.
Whereas it has been argued by Temin that it is doubtful that HIV-1 will evolve 

into a worse pathogen, his argument is based on the assumption that the virus must 
simultaneously alter its infectiousness and its pathogenic potential, which he points 
out are “already optimized for spread and disease in the human population” (44). 
Temin goes on to suggest that HIV-1 may gradually evolve into a less pathogenic 
form. Ewald, on the other hand, theorizes that the pathogenic equilibrium could still 
shift upward as a result of human behaviors that provide a context tor a decreased 
viral latency period. He also could imagine evolution toward a less pathogenic state, 
but only with the proviso of a more conservative human sexual behavior. Thus, the 
two outlooks differ in their assumptions about the major causal forces. HIV-2 dis­
ease, which already presents a greater clinical spectrum than HIV-1 disease while 
infecting far fewer individuals (see later section on variation and pathogenesis), 
provides an important context in which Ewald’s causal hypothesis can be judged.

In this section we have reviewed the qualitative and semiquantitative evidence 
that supports the theory of a recent simian origin and rapid diversification of the 
HIVs. The probable implication of this viral history is that HIV will continue to be 
an atypically unstable and aggressive pathogen for some time. Before turning di­
rectly to questions about HIV pathogenicity, we will next review some relevant 

quantitative features of HIV molecular variation.

The theory of a recent simian origin and rapid speciation of HIV is supported by a 
dctennination of the average phenomenological rate of macroscopic variability. The 
possibility of determining such a quantity has been brought into question by Coffin, 
on the basis of widely observed intrapatient heterogeneity (42). The preceding dis­
cussion of HIV variation has emphasized global diversity, what can be called mac­
roscopic swarming. Intrapatient heterogeneity, or microscopic swarming, is a sec­
ond feature of diversification to be considered in any discussion of HIV evolution. 
In general, RNA viruses are highly mutable, but with RNA viruses such as foot- 
and-mouth-disease virus (FMDV), which infects cattle, and HIV, the variability is 
so great that there are populations of closely related viral genotypes within most 
infected individuals. These populations, or swarms, are termed quasispecies (4, 
45,46; also see Chap. 10). Their relevance for progression to AIDS in HIV infec­
tions is a matter of some dispute (see section on variation and pathogenesis). Fur­
thermore, it is unclear how selection comes into play when one individual infects 
another individual: since each transmission can be thought of as a recloning step that 
may or may not destabilize a quasispecies. Coffin has hypothesized that “cyclic 
patterns of variation” will arise and, therefore, that "there can be no such thing as a 
‘rate of variation’” (42). (Genetic bottleneck transmission, which depends on small 
innocula sizes, undoubtedly contributes to the indeterminancy emphasized by Cof­
fin (47). While we agree with Coffin that empirical determinations of variation at a 
defined position in a coding sequence may prove intractable, this contention does 

not apply to macroscopic or global variation.
Molecular epidemiological investigations of mother baby transmission, sexual 

transmission, and transmission from an infected dentist to his patients have revealed 
viral sequence similarities that were intermediate between those observed within a 
single individual and those observed between unlinked individuals (48-50). Fur­
thermore, rate estimates of HIV-1 nucleotide substitution made by many investiga­
tors for many samples have been in surprisingly good agreement (reviewed in 11). 

On the basis of these findings, a continuous magnitude, representing an average 
phenomenological rate of macroscopic variability of HIV, may be determined. 
(Calculations based on this phenomenological rate presuppose a model akin to 
models of Brownian motion in which stochastic variables are handled as determinis­

tic class-averages at the macroscopic level.)
To investigate this average quantity, we first determined frequencies of syn­

onymous and nonsynonymous substitutions for a large number of HIV-1 gag and 
env gene sequences from a variety of infected individuals. Figure 3 shows a plot of 
the rates (52) of nonsynonymous (</„) versus synonymous (ds) nucleotide substitu­
tions for 35 complete HIV-I env gp!20-coding sequences: ds is the corrected fre­

quency of synonymous substitutions that could have occurred for each of the 595 
possible pairwise sequence relations that have been recorded in Figure 3 I his value
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is, accordingly, a fair indicator of the mutational distance separating relatively close 
sequences, such as those represented in the env gene tree in Fig. 2 (rf,<0.5). More 
distant relations involving the CPZ and ANT70 sequences (included in Fig. I) have 
synonymous substitution values of about 0.75, the expected saturation state, and are 
not shown in Fig. 3.

The and fnv substitution frequencies (dy) represented in these studies, taken 
together with similar rates determined by several investigators (reviewed in II), 
support the hypothesis that the five recognized HIV-1 sequence subtypes (see Fig.
2) diverged from one another as recently as I960, a plausible date for the onset of 

the AIDS pandemic. The reasoning is as follows: the average intertypic nucleotide 
substitution rate for HIV-1 env divergence is about 1.1% per year (II; and see Fig.
3) . and the average intertypic nucleotide distance, the Hamming distance, shown in 
Fig. 2 is about 32%. suggesting a lookback time of about 30 years. The rate is 

0
0

just half the env rate (as is the ratio of d„ to ds for gag-coding sequences) and the 
average intertypic distance is about 14% (29,38). With this same value for the gag 

fixation rate, Khan and colleagues calculated that the stump-tailed macaque virus 
apparently diverged from captive sooty mangabey and rhesus macaque viruses as 
recently as 1963, the approximate date of arrival of these animals into the colonies 
housing those other animals (23).

These estimates are consistent with the historical and seroepidemiologic records 
discussed in the earlier section on emergence of HIV. Hence, without evidence to 
the contrary, average rates of variation derived from large data sets suitably consti­
tuted from recently diverged viral sequences may be taken to have useful predictive 
value. However, the most important indicator for future HIV variation will be the 
nonsynonymous nucleotide substitution rate (</„), which is extraordinarily high. 
This is apparent from Fig. 3 in which we see First, that a linear relation of d„ to d, is 
preserved for values of d, between 0.05 and 0.5, and second, that the slope in Fig. 3 
(0.4) is relatively steep, greater, for example, than the equivalently determined 
slope for the influenza A hemagglutinin gene (0.3) (52). The ratio of d„ to d, deter­
mined for 45 HIV-1 gag-coding sequences was approximately 0.2 (data not shown). 
The unusually high level of nonsynonymous substitution in HIV env sequences has 
been documented by several investigators, although with fewer sequences than were 

analyzed in Fig. 3 (9,53-56).
The ease with which amino acid replacements take place in HIVs is explained by 

their optimal mutation rate (57) and their unusual codon usage favoring nonconser­
vative changes (II), but it is also a consequence of weak constraints. By one inter­
pretation. the fact that synonymous substitutions predominate, supports Kimura’s 
“neutral theory" (52). From another perspective, the relatively high ratio found in 
the HIV-1 env gene could be taken as evidence for “positive Darwinian selection” 
(58), or for “overdominant selection” (56,59). This latter possibility seems partic­
ularly plausible in the context of microscopic HIV evolution for which selection by 
an infected individual's immune response may favor change: extremely large ratios 
have been observed among microscopic swarms (48,54). Although we shall not 
attempt to weigh these alternatives in this chapter, the high ratios of nonsynon­
ymous to synonymous substitution, which are indicative of weak purifying selec­

tion, have broad evolutionary implications.

ds

FIG. 3. Comparison of nonsynonymous (d„) to synonymous (</,) nucleotide substitutions in the 
HIV-1 env gp 120-coding sequences for 35 distinct samples. The Nei-Gojobori algorithm was 
employed (51). The slope, 0.4, is indicative of weak purifying selection. A similar analysis of 
HIV-1 gag-coding sequences (not shown) produces a slope of 0.2; for comparison, the influenza 
A hemagglutinin-coding sequence yields a slope of 0.3 (52) Only recently diverged env se­
quence relationships (d,<0.5) are shown. The different sequence subtypes seen in Fig. 2 are 
responsible for the clustering effect. For relationships close to or greater than expected muta­
tional saturation (d, = 0.75), the slope becomes less than 0.4.

' >

Although we have discussed only gag and env gene variability, HIV proteins, in 
general, are subject to high frequencies of amino acid replacement. There is a com­
mon misperception about the genomic distribution of variation observed in HIV-ls 
and HIV-2s; namely, that it is limited, for the most part, to the hypervariable re­
gions of the env gene. Most of the HIV regulatory and accessory proteins, as well as 
select portions of the gag polyprotein, are as variable as the envelope protein 
(9.11.29). These Findings arc evident in the comparisons of average information
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HIV VARIATION AND PATHOGENESIS

Two Causal Views of HIV Pathogenesis

nef

064 
055 
0.34

different evolutionary scenarios, under a variety of selective forces. Complementa­
tion within the quasispecies (65), heterologous transactivation (11,60,61), transduc­
tion (66, also see Chapter 10), pseudotyping (67), and “bottleneck transmission” 
(47) are some of the compounding determinants of variability in these highly plastic 
pathogens. In view of these considerations, it is highly likely, as we will argue in 

the following, that different phenotypic lineages of HIV will emerge.

gag

0.77
0.84
0 56

In the first section of this paper we concluded with some certainty that the human 
AlDS-causing viruses have had a recent simian origin. From several points of view, 
this breakthrough was interpreted as a portent of viral genetic instability for some 
lime to come. In the second section of the paper, some of the quantitative conditions 
of this instability were examined. We saw that the genetic volatility can rapidly 

scramble parts of the HIV env protein (as a result of a high ratio of nonsynonymous 
to synonymous substitutions; see Fig. 3) and that it involves the viral regulatory and 
accessory proteins as much as the viral coat (see Table I). Accordingly, we can 
expect to see continued HIV speciation. What effect, d any, can we expect this to 

have on (he global pathogenic potential of these viruses?

*The HIV-I envelope gp!20 molecule is one of lhe most heavily glycosylated proteins in nature; the 
hypervariability of the env gene appears to be strongly lied to mutational changes in lhe potential modi­

fication sites, NXS and NXT, where X is almost any amino acid.

env

0.60
0.73
0.35

densities, expressed as amino acid equivalents, of homologous HIV proteins. Table 
I, for example, provides a summary of lat, rev, and nef protein variability in com­
parison with the gag, pol, and env proteins; these three regulatory proteins are 
known to play crucial roles in the viral life cycle (60). The HIV-I rev protein, tor 

instance, is as variable as the HIV-l env protein according to the measurements 
summarized in Table 1: on the average, HIV-1 rev protein manifests 0.58 amino 
acid equivalents at each residue position, versus 0.6 amino acid equivalents at each 
position in the env protein. The HIV-2 tat, rev, and nef proteins, all are as variable 
as their correlative env protein (0.55, 0.70, and 0.55, versus 0.73). The rev and nef 
values for the combined HIVs (0.30 and 0.34) are close to or less than the value for 
the combined env (0.35) and are also close to typical values encountered for eu­
karyotic proteins having very distant evolutionary relationships (11). In the previous 
analysis (see Fig. 3), we noted that HIV-1 gag gene variation was typical, but that 
env gene variation was not; the comparative data in Table 1 confirms the notion of 

weak purifying selection and extends it to several other HIV proteins. To the extent 
that HIV variation is more than merely a property of select (hypervariable) regions 
of the lentiviral envelope, balanced polymorphism becomes a major factor in HIV 

speciation.
Other molecular dimensions of HIV variability that undoubtedly contribute to its 

rich evolutionary potential are shown by the wide diversity of promoter-enhancer 
configurations and envelope glycosylation profiles: HIVs and SIVs may possess 
zero, one, or two NFxB-binding sites in their long-terminal repeat (LTR) U3 re­
gions (35,61,62) and may differ in their envelope modification at as many as 25 
potential A/-linked glycosylation sites (9,29,63,64).* Thus, the HIVs are both de­
generate and complex. The combination of variability, degeneracy, existence as 
quasispecies, and complexity in HIVs allows many different lineages, and possibly 

To attempt to summarize all of the current hypotheses about HIV pathogenesis is 

beyond our scope. (For a recent review of HIV immunopathogenesis, see ref. 68.) 
We shall limit our discussion to two classes of hypotheses that are most instructive 
in relation to the questions we have posed. One category of explanations for HIV 
pathogenesis emphasizes genetic variation in only general terms; it argues that HIV 
genetic variation needs to be only pervasive and nonspecific to produce pathogenic 
effects. The second class of hypotheses, supported by a now sizeable body of evi­
dence, points to the occurrence of specific genetic determinants of the pathogenic 

phenotype. With the first class of hypotheses, the emphasis is on immunogenicity as 
the pathological force. The second class turns its focus toward direct cytolytic prop­
erties traceable to the HIV or SIV genotype. These two classes of explanations for 
HIV pathogenesis are not mutually exclusive; cell killing can be both direct and 

indirect.
Several examples of the first class of hypotheses may be mentioned. It has been 

proposed that viral variation could play a supportive role in a process of clonal 
antibody dominance: dominant B- and T-cell clones that have arisen in response to 
an initially homogeneous viral antigen ("original antigenic sin”) might be stimulated 
by subsequent viral variants, irrespective of their precise makeup, resulting in an 

antibody "repertoire freeze” (69). A second possibility here is that of a "superan­
tigen effect” (70). In a third example that involves viral variation only in a broad 

TABLE 1. Protein information densities expressed as amino acid equivalents 

pol tat rev

0.86 0.65 0 58
0.90 0.55 0.70
0.62 — 0.30

Viral sequences

HIV-VCIV (8) 
HIV-2/SIV (7) 
HIV-l/HIV-2/SIVs (15)

The above data have been previously reported and discussed in refs. 9 and 11 The informa­
tion density expresses the average number of invariant and chemically conserved residues at 
each position of the protein molecule. For example, there are 0.65 amino acid equivalents, on 
the average, at each position in the HIV-1/CPZ tat protein set under study. Comparisons within 
each row involve the same set of complete genomic sequences: 8 HIV-1/CPZs, 7 HIV-2/SIVs, 
and 15 combined HIV/SIVs. The values will decrease as more sequences are considered; in this 
discussion, the focus is on the ratios of protein variation. Thus HIV-1 env protein is actually no 
more variable than the HIV-1 rev protein (0.60 versus 0.58).
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sense, HIV diversification is thought sufficient to exhaust the immune system: an 
essential asymmetry between antigen and antibody stems from the fact that all viral 
variants can threaten cells through interaction with the CD4 receptor, but each anti­
body clone is type-specific for a single variant (71,72). Many other mechanisms 

that fall under this category have been put forward, among which might be men­
tioned the hypothesis that AIDS is essentially an autoimmune disease (73). Com­
mon to all of these various theories is the concept that variation is significant only in 
a general way. As Haseltine puts it, “transmission, pathogenesis and incubation of 

the disease is similar regardless of the infecting strain” (74).
The foremost example of specific genetic determination of atypical AIDS patho­

genesis is an acutely lethal SIV variant that arose after a single passage in a ma­
caque. The parent virus in this case was benign in its natural host, the mangabey, 
but through mutating to the highly lethal form in the macaque—able to kill maca­
ques in weeks rather than years—it acquired aggressive pathogenic properties when 
placed back into mangabeys (75,76). A less dramatic, but no less informative, 
example is encountered in the comparison of two HIV-2 variants found to be infec­
tious in macaques. The HIV-2 variant with enhanced cytopathogenicity and replica­
tive rate has significantly fewer envelope modification sites (the protein sites men­
tioned earlier) than the second, less cytopathic variant (77). Cases have been 
observed in which naturally occurring attenuated forms have yielded cytopathic 

variants (78) and, conversely, highly cytopathic forms have generated non- 
pathogenic viral progeny (79,80). We are reminded that AIDS neuropathogenesis is 
a distinct evolutionary concern when we learn about HIV-1 variants with different 

properties of gene expression in the mouse brain (81).

has been traced to a r- ■ 'i> of the viral ‘'nvelope known as the V3 loop or principal 
neuiraliztr* fetenv ■>! I’ND), a 35-amino acid peptide located in the third hyper- 
variablc d • «n of the envelope protein. No single region of the HIV genome dic­
tates the variability underlying HIV phenotypic diversity, however, the V3 loop has 
received the greatest attention because (a) it serves as an epitope for potent immuno­
logical responses (93,94); (b) it affects fusion and viral virulence (85); and (c) it is 
implicated as a primary determinant of HIV-I cell tropism (86,87). A single amino 
acid substitution in this variable protein can have phenotypic ramifications (88,89). 
Positively charged amino acid residues, most often arginines, found in the flanking 
regions of the V3 loop have been associated with the SI, or the more cytopathic, 
phenotype (90).

The correlation of V3 peptide-coding sequences with pathogenesis has almost 
entirely been focused upon HIV-1 variants, as exemplified by the hundreds of 
HIV-1 V3 sequences deposited in the HIV sequence database (29). Samples of 
HIV-I subtype D viruses, characteristic of many infections in Central Africa (see 
first section and Fig. 2), have shown a higher frequency of the SI phenotype than 
have subtype B viruses, which are typical of HIV-I infections in the United States. 
However, because the spectrums of opportunistic diseases are very different in the 
United States and Africa, and because viral sampling has not been systematically 
controlled, it is not possible to conclude simply that the one viral subtype is intrin­
sically more pathogenic than the other viral subtype.

Even so, phenetic analyses of V3 loop protein sequences, which emphasize struc­
tural similarities, irrespective of the evolutionary pathway, suggest that uncannily 
similar V3 loop proteins can be encountered in otherwise dissimilar nucleotide se­
quence subtypes (95). This manifestation of evolutionary parallelism can be viewed 

as sequence convergence, although we prefer to interpret it as simply lack of diver­
gence: certain V3 sequence lineages, suggestive of the monocytotropic forms of 
HIV-I, appear to be more stable than other V3 lineages, especially those of the 
T-cell-tropic variety. Thus, some Ugandan V3 loop protein sequences of one 
cladistically determined sequence subtype are found to tightly cluster with United 
States V3 loop sequences of another sequence subtype (95,96).

Although they have not been studied with the same intensity, HIV-2 V3 loop 
peptide sequences yield an intriguing pattern that has a suggestive correlation with 
the health status of the person from which the viral sequence was derived. As shown 
in Fig. 4, diverse HIV-2 viral sequences evaluated from a cladistic point of view 
(see Fig. 4B) can, nevertheless, share common V3 loop proteins evaluated from a 
phenetic point of view (see Fig. 4A). Correlations of HIV-2 N'S pVotein sequences 

with SI and non-SI phenotypes have not been attempted; however, the majority of 
infected persons with divergent forms of the V3 protein shown in Fig. 4A were 

symptomatic, whereas the persons with the relatively stable form of V3 were mostly 
asymptomatic (11 of the 13 tightly clustered V3 sequences in Fig. 4A were taken 
from asymptomatic blood donors in Guinea Bissau) (97). As we have previously 
noted, positively charged amino acids in the flanks of HIV-1 V3 loops have been 
associated with the more cytopathic phenotype (90); therefore, it is noteworthy to

Although the strongest argument for differing viral phenotypes is derived mostly 
from animal studies, evidence exists for different pathogenic phenotypes of HIV in 
the global setting. Early in the epidemic, a Swedish research team noted that per­
sons harboring viruses that could be characterized as having “rapid-high” phe­
notypes in vitro were closer to clinical AIDS than persons whose viruses were 
“slow-low” in culture (82). Further investigation of these two HIV-1 states—one 
predominant in early infection, the other predominant in late infection—has linked 
them, first, to the capacity for not inducing syncytia (NSI) versus inducing syncytia 

(SI) in vitro and. second, to abilty to grow on macrophages (macrophage-tropic or 
monocytotropic) versus ability to grow on transformed T-cell lines (T-cell-tropic) 
(83-91). Thus, generally speaking, progression to HIV-I AIDS has been more 
rapid in persons harboring the SI viral phenotype that are said to be F-ccll-tropic 
(8.3,84). The correlation is not without exceptions—for example, an extremely cy­
topathic virus that is also macrophage-tropic has been reported (92); however, this 

has been the finding of many investigators.
With few qualifications, the functionally critical determinant of the SI phenotype 
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Mechanisms of Genetic Exchange
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Evolution of Genetic Exchange in 
RNA Viruses

In all viruses, sexual reproduction occurs when two or more viruses coinfect the 

same host cell, and hybrid progeny are produced through genetic exchange between 

the coinfecting parent viruses.
In DNA viruses, genetic exchange is prompted by recombination, which is de­

fined here as the generation of a new nucleotide strand containing information from 
two or more parental strands. Recombination in DNA viruses, just as in eukaryotes, 
is by a mechanism of breakage-and-reunion (2,3). Following a physical break in the 
parental DNA molecules, pieces from different parental molecules can be joined to 
form a recombinant. Breakage-and-reunion does not require replication of the par­

ental DNA (4).

Evolution provides the conceptual framework for understanding biological diver­
sity. In this chapter, I will discuss, from an evolutionary viewpoint, the process of 
genetic exchange in RNA viruses. From that perspective, genetic exchange and sex 

are synonymous (I) and sex is surprisingly similar in RNA viruses and eukaryotes. 
In both types of organisms, the same hypotheses can account for the evolution of 

sex, and equivalent problems arise.

Although sex and recombination are universal in DNA viruses, they are not in 
RNA viruses. Despite intensive searches, recombinants have never been identified 

in RNA bacteriophages and several eukaryotic RNA viruses |e.g.. vesicular sto­
matitis (VSV) and Newcastle disease virus of fowl) (5,6). The ability of detecting
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Phylogenetic Moments in the 

AIDS Epidemic

By 1983, several laboratories had identified and isolated the etiologic agent 
of AIDS, the retrovirus now denoted HIV, and by1985 nucleotide sequences 
derived from those early isolates were reported. This molecular infcnna- 
tion was available in time to address a flurry of speculationsand allegations 
concerning the sudden emergence of the AIDS virus. Inl986,twoavirulent 
strains of herpes simplex vims were discovered to have generated a lethal 
recombinant in vitro (Javier et aL, 1986), and this quiddy touched off 
speculation that the AIDS vims may have been sfanOariy generated in 
nature or in a testtube. Such speculations contributed to a worldwide 
dimate of anxiety and created a potential for dissemination of false and 
misleading informs tion. In light of this, we at the HIV Sequence Database 
and Analysis Project (an NIH-funded project at the Loo Alamos National 
Laboratory), recognized the immediate need for an investigation of the 

molecular facts pertinent to the origin of AIDS.
Of the many ways to inquire into the evolutionary origins of an 

organism or pa thogen, a comparative study of genetic sequences is the most 
incisive, since the sequences constituting the genome are unique for each 
species and, in some casex for each individual in a spedes. The HIV 
genome, which consists of a single molecule, is approximately 9^00ande- 
otides in length, a length more than adequate for precise identification of the 

virus. Thus in 1985, we set out to dassify foe newly determined nudeotide 
sequences of HIV by performing a computer search of all known genetic 
sequences that were stored in international databases. The sequences of 
HTLV-m and LAV, as they were called then, were compered to approxi­
mately six million bases of mammalian, plant, and viral sequences with foe 
result that no similarity could be found. The search for dose relatives was 
repeated again in 1986 when there were nine million bases in libraries and 
again in 1988 when there were over fifteen million bases. This inquiry has 
shown that if HIV arose in recent time as a recombinant of two or more

I-0J / a

_______________________________________________________________________________________



1I. <

4-

I-0-I

vinues, MtaraOy or through human agency, it camo from rimca 
that hart not boon characterised, that to from genetic M<pcMco (hat 
are Mt in the international databases. A growing body of circum­
stantial evidence—outlined below—argues that HIV has not arisen 
In recent decades as a recombinant of any viruses, known or un­

known.
An equally provocative early speculation about the origin of 

AIDS was that It arose from a monkey virus that had recently crossed 

species lines. Unfortunately, this possibility was brought forward 
more than once in terms that were unnecessarily offensive to Afri­
cans, on the one hand, and Mt helpful to AIDS researchers on the 
other hand. In what follows we will present what we believe to be 

a more Informed hypothesis positing a simian origin of AIDS. Argu­
ments for this hypothesis will entail tracking HIV and SIV nucle­

otide sequences into the past, but before we turn to that project, we * 
will mention some features of the onset of the AIDS pandemic which 
are of central importance for any discussion of the origin of AIDS.

EPIDEMIOLOGICAL SNAPSHOTS

Early seroepidemiological and clinical data reveal two especially 

perplexing features of the onset of the AIDS pandemic:
First, all available evidence suggests that AIDS appeared sud­

denly and concurrently in the United States and Africa, the two 
major centers of the pandemic AIDS was first recognized in the 
United States in the spring of ISM. The retrospective examination of 
sera collected in the late 1970s in association with hepatitis B studies 
in San Frandsco, Los Angeles, and New York City, suggests that for 
the most part HIV-1 entered the US. population sometime in the 
mid-1970s (Jaffe et al., 1985; Stephens et al., 1986). Thus, for ex­

ample, stored sera of nearly one thousand Los Angeles patients 
having either acute or chronic hepatitis were examined for HIV 

antibodies and the earliest sample in which antibodies were detected 

was from 1979 (DeCock et at, 1987). Although there to the intriguing 
report of a young man from St Louis who presented AIDS-like 

syuqMuu in 1968, and whose tissues, stored upon death in 1969, have 
tested positive for antibodies, confirmation of HIV infection by PCKamly- 

sisand sequencing has not been pcasbfeuptonow. Areviewofserosurveys 
assodated with dengue fever in the Caribbean likewise found that the 
eeriest evidence of HIV in Haiti comes from 1979samples (Pape etaL, 1987).

A similar and virtually concurrent epidemiological record b found in 
the other large center of the pandemic, Africa. While the 
seroepidemidemiologic and dinical data are limited, the available facts, 
summarized in Rgure 111, also point to a relatively recent eruption of 

AIDS there (Plot et al., 1988).
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•fly early cm of AIDS: a 1999 aeropodtive sample from Kinshasa 
that was, unfortunately, never tested for virus (Nahmias et aL, 1986).

I

PHYtOGBCnC MOtCNH N1HE AIDS ffOMC
/

In Africa, Just as in St Louts, there to evidence of an exceptfoa-

However, sera sampled In 1970that were taken from809heaMiy women 
in the same dty revealed only two positives, wide the 1980 sampling of a 
smaller group revealed fifteen (Desmyter et aL 1986). Sera from 659 

penona examined in connection with an 1976 outbreak of Ebola fever in 
rural Zaire produced five HIV podthrea. Of these, the one confirmed 

positive Ot to well known that false podtives increase with dme of storage 
of serum samples) was known to have recently lived in Kinshasa where she 

may have worked as a prostitute (GetcheDet aL 1987). The HIV-1 virus 
isolated horn that stored 1976sample to the oldest molecular spedmen that 

we have (Srinivasan etaL 1989).
From nearby Congo, sera of340 pygmies were coOected between 1975 

and 1978. These people are in direct contact with monkeys, whid* they hunt 
and eat None ot the sera from these pygmies has been confirmed HIV 
positive (Rouzioux et aL 1986). And in South Africa, 3,500 samples were 
taken from the black miner population between 1970 and 1974 as part ofa 
pneumococcal vaccine study. At most, two of these (both unconfirmed) 
were HIV positive. Yet by 1986, nearly four percent of the subpopulation 

of miners fromMalawi werefound tobepositiveCSheretaL 1987). In urban 
Somalia to the north, there is no evidence of HIV prior to 1983 (TittietaL 

1986). And an extensive study of prostitutes and patients at STD dimes in 
Nairobi revealed low prevalence at HIV positives to 1980 that rose to 60% in 
sorregroupaby 1985 (FtotetaL1986). By 1991, the World HealthO^nization 
estimated that dx ndion adults were HIV infected in Africa, with some 

countries showing seroprevalence rates of greater than 10% (Palea, 1991).
These serological studies al point to a sudden recent spread of HIV by 

travelers and prostitutes in central Africa that was undoubtedly fadfitated by 

ttw road running from outside Kinshasa, Zaire to Mombasa, Kenya (Hg. 12.1; 
CbmerandKmgpan,1988). Thusi AID&appeared suddeniyandconcunendy 

in the IMted States and Africa, the two major oenten of the pandemic.
The second feature of the AIDS epidemic that b especially intriguing is 

the fact that two major iod of AIDS are manifest in Africa: HIV-1 disease in 

central and southern Africa and HIV-2 disease in west Africa. Although 
there ba paucity of retrospective data pertaining to HIV-2 that would show 
how doedy the onset of the HIV-2 epidemic coincided in time with that of 

HIV-L available evidence suggests that the temporal onset of fae two 
epidemics may havebeen separated by yearsbut hardly by several deodes. 
Through review of serological samples from an investigation of Laasa fever 
in Guinea Bissau, Fultz and coworkers concluded that the seroprevalence 
of HIV-2 in west Africa, which was6% in 198A could havebeen no higher 
than l%in!980(FultzetaL 1987). There was no evidence of HIV-1 in west 
Africa until recently when a case of dual HIV-l/HIV-2 infection was 
reported from Ivory Coast (Rayfield et aL 1988). Without evidence to the 

contrary, we may assume for the sake of inquiry that AIDS has been a
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Twofold apidoiic,' that HIV-1 <fi»se and HIV-2 dbawe 
about the ame tine.

llfoteWepicfemfotogfodanapdntoftlwwfncn^^^^pm10  ̂
leaves us with two major questions: (DWhatbfoyAedbythesuddennessand 
rirtualstantaneityof onset of theepidemiain the United Stalesand in Africa? 

(2) Underwhat presumption can the twofold (HIV-1 and HIV-2) epidemic in 

Africa be sndentood? We will turn to these questions now.
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EVIDENCf FOR THE SIMIAN ORIGIN OF AIDS

bi a aucdnct review entitled *D«e rimianbuman coeinectfai/DooMe 
(1909) has eummariad two recently popular hypotheses concernhy Ire 
origin ot HIV. ThefirsttothatHIV-KthesecondtypeofhuinanAIDS- 

crarfng virus discussed above) derives from the mangabey viraa. In 
port of this hypothesis b the fact that the nudeotide seyenaoffce 

mangabey virus proves to be doeeiy homologous with HIV>2 se^eKto 
(HirschetaL, 1989; Mare etakimand the fact that the natural habrtat of 
the mangabey overlaps west Africa the region of HIV-2 epidemic (J*sd» 
etaL, 1989; Mare etaL, 1991; Johnson et at, 1991). The second arrsriy 

popular hypothesb presen ted by Dootittie, which we shall see b less Kkeiy, 
b that the other type of human AlDS-causing virus, HIV-1, recently arose 
from viruses expected to be found in an extensive population ofSV- 
positive green monkeys inhabiting sub-Saharan Africa (Hendry et aU B86; 
KanHetaL, 1985; Johnson et at, 1991). How plausible are these hypotheses 
taken together? They require at least two distinct aoddenb of cross-species 

transmission over apparently the same time period.
Duesberg's challenge to the conclusion that HIV b the cause of AIDS 

raises predseiy thb problem: Tt b highly improbable that within the last 

few years two viruses that are only 40% sequence-related would have arisen 
that could both cause the newly defined syndrome AIDS. - [SUnce viruses, 
like crib, «e the products of gradual evolution, the proposition thal: within 
a very short evolutionary time, two different viruses capable of causing 
Ains would have evolved or crossed over from another spedes b highly 

improbable' (Duesberg, 1989). 
WMe Duesbog's conclusion (hat HIV b not the cause of AIDS seems 

unwarranted for many reasons that we will not explore here, the logical 
improbability ttut he mentions must be faced. In order to do thb, we shall 

make use of phylogenetic trees constructed from homologous gene se­
quences with the help of a computer. Figure 12J presents an example of a 

phylogenetic tree that has been built from representative gf** 
quences of the now known five types of primate immunodeficiency viruses, 
namely HIV-1 and the related SV from a chimpanzee (IV); HIV-2 and ib 
dose relatives SIV-macaque and SV-mangabey (D; SV-AGM (African 
men monkey) (HD; SIV-MND (mandriti) (Vk and SIV-Sykes (TO. CWya 
few represent lives of the first three types are shown for sake ofsimptirity. 

wry ha* wiring SIV-AGMrequences from west Ahican gremaaon- 
keys, as wefi as some HIV-2 sequences from rural Liberia, cannot be 

induded because they ha ve been sequenced over only a small portion of the 
pdgene(AnanetaL,1991;Hahn,1990). Their relevance to thb inquiry wfll 

be discussed btiow.
Tie tree analysb begins with alignment of homologous nudrotide 

sequences. By restricting attention to ^ist single-base changes in a rtiatrvely 
conserved codii< sequence such as the retroviral geg gene, we can be 
reaymaWy confident about an unambiguous alignment The duster analy-



II9

Hl /

UMMt

I

MWHO

IV

II

MBM77

- cn

L MM

(Z

sb program t^ces as input the alignment and infen the rntadmal evoluticn- 
ary path far the set of sequences. The ^parstmony* asaasnption (tet the 

minimal evolutionary path has been folkntfedjisappvopriale for conditions 
of rapid mutation and recent divergence from some common ancestry. By 
conducting similar analyses for the several major genes of these primate 
imfonnodeBdencyvinises, we can corroborate the results. That is to say, in 
absence of genetic recombination, a phylogenetic tree for foe pui gene

Reore 1X2 Molecular oh viocenetk anahrris of lerweMnUtiv* orimatt imnunodc- admqFvMMp24gme sequenaKU^-2 ^dh2S^tapLtiadar9V> 

suua Iran foe sooty mangabey; 0, SV-Sykoa; ID. SV-ACMs (frtwl wrvnt, and 
tantalus tpedes); IV, HIV-1 and foe doedy related SV-cpe tarn a GaboMM 
dumpenzae; V, STV-mrel (mandrill isolate). For foe taka of darity, only a ssnall 
nunber cf foe known HIV-l aad HIV-2 soquencee are sbotreifocN are Ngh- 
Bgteed. The phytogenetic tree ww genwreed hum Ml hamatogoremadeodde 
dteatofwMfoat were variable), asdeeoftod taHfrxhetai. (W red Mywset 
aLOWl). Oulyfoe horizontal breach ie^foeahouid bemad wkhfoetarealeto 
eatfanaie percent difierences. The tree was rooted at the midpoint ef the greatest 
petriatic dbtmre (PAUP, vwrion X42).

wexmj V
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Mquence* will be congraent wifh a tree for gena sequence*. Branch 
fa^wilwy^CDWbeaueedlfl^reiectbeforoMMtat 

foe overall topofogy of the tree* rhould be frwariani (excepting recornbin*- 
tion). The brandtiry order can be farther evaluated by a itattotical proce­

dure known a* -bootstrapT analysis (Febenteein, 1988).
A* is apparent from Figure 12X phylogenetic tree analysis of foe 

five known type* of viruses causing human and simian AIDS implie* 
a common ancestor far these viruses and strongly supports foe 
hypothesis of foe simian origin of AIDS. Particular attention to 
called to the HIV-2 and related SIV sequence group, or dade. Re­
cently, a viral sample taken from an asymptomatic person living in 
rural Liberia has been found to map with foe pel gene sequences of 

foe mangabey (not shown in Fig. 1X2; Hahn, 1990), providing strong 
evidence that immunodeficiency viruses can be transmitted to hu­
man* from nonhuman primates. In light of this molecular evidence,' 
the theory of a simian origin of AIDS has been gaining widespread 

acceptance (Daniel et al., 1988; Hirsch et al., 1989; Doolittle, 1989; 
Doolittle et al., 1990; Huet et al., 1990; Desrosiers, 1990; Gilks, 1991; 

Karpas, 1990; Johnson et al., 1991; Myers et al., 1992).
Although the overall picture presented in Figure 12.2 agrees in 

general with the cluster analyses of other investigators, some of 

which have been based upon a different algorithm, or even upon 
amino add rather than nucleotide sequences (Smith et al., 1988; 
Yokoyama et al., 1988; Sharp and Li, 1988; Tsujimoto et at, 1989; 

Doolittle et aL, 1990; Gojobori et al., 1990; Miura et al., 1990; Johnson 

etal., 1991), foe exact branching order of the various types of primate 
immunodeficiency viruses whose sequences have been analyzed 
through dadistic analysis has encountered some ambiguities, de­
pending upon the mode of analysis and foe coding sequence under 

investigation. For example, foe tree presented in Figure 12-2 links 
foeSIV-AGM sequences more closely with the HIV-2*s than with the 
HTV-rs, while only the chimpanzee viral sequence to closely linked 
to the type 1 HIV sequences. Furthermore, the chimpanzee viral 
sequence to not so closely related to the type 1 human virus as the 
mangabey virus to to the type 2 human viruses. Interestingly, one 

human viral isolate, an HIV-1 from Cameroon, to known to be more 
divergent from all other HIV-l's than to foe SIV-cpz in Figure 12^ 

(DeLeys et aL, 1990; Vanden Haesevdde et aL, 1991).
Doolittle's results (Doolittle, 1989; Doolittle et al., 1990), on the 

other hand, suggest a closer relationship between SIV-ACM se­
quencesand HIV-1, and he has token this result (as noted above) to 

support foe hypothesis of an origin of HIV-l's from foe green 
monkey reservoir. Tree analyses are typically performed on gag and 
pd coding sequences or amino add sequences. Other modes of 

duster analysis based upon envelope and regulatory protein se- 
quences argue for a doser relationship between the AGMsand the HIV-2/
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rtsaon a msonably complete understanding of fte ewhition of AIDS 

yjnBff mayhg imminent.
Whileitannot be said yet whether or not all AID&ieiated viruses have 

aai^awimonancestor.therebevidence that their emggencewonan 

evohi denary timescale sudden and dramatic, a first deddve moment in the 
emergence of AIDS. For instance, descendants of African green mody 

brought to the Caribbean as early as the sixteenth century are not sCTOpostive 
(Hendry et at, 1986X To our knowledge, no feral hosts for the suntan

1M waowvMU®/

tNs ambiguity.

A •WG BANG" OF AIDS?

fililisfigs. 

fidency viruses represented in Figure 1X2 emerged sunultaneousty and 

perhaps recently from a common ancestor. Most analyses to date, irrespec­
tive of the exact branching order of the primate in^unodrfd^yiw

J°hlfatie S»g of AIDS' real or merely an artifact of the sequence

analysis? b the sinde point of radiation shown in Figure 123 actual or 
virtual? There b some reason to believe that the convergence of the 

evolutionary lines on a single point could be merely aconsequenrtot 
-mutitxZl saturation,- or -noise accumulation- 

The high rate of nucleotide substitution documented In Table 12J (Mow) 

imptathat multiple events, creating sooDed
ba^utalion are tikriytobecompfirating the computer analpis, thereby 

orting a shadow over the distal evolutionary record of toe primate 
tentiviruses. The unusual base composition—highadmme, low qdosine 
cxmtent-ofHIV'sarulSIV’sfurthermmplicatesphytogenetteanalysesof

the -deep branches- CSdow and Wilson, 19901-
formal parallel with the current uncertainty surrounding the theory of a

respective first momenb awaits some definitive msight or discovery For- 
tarnteiy, viral refics are easier to come by than caimic reflok and for tha
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Figure 1U Hypothesis of * tingle nonhuman primate ancestral vtru> for four of 
the ciareatly recognized five types of immunodcfidency viruses. The results 
shown taRgure 112. as well as results based upon several different analyses (see 
textX are suggestive of a common point of evolutionary radiatioa. that cannot be 
mote recent than SO yean ago, the minimum lookback time for MV-1 divergence 
from HIV-2. AhemathMy, this point of radiation may be merely virtual, the' 
coesequena of mutational saturation and/or aonhomogeneous rates of ande- 
odde substitution (as discussed in the tent).

immunodeficiency virtues have been found in South America or 
Asia. Only captive macaques, for example, have been found to be 

infected, and these undoubtedly contracted the virus from captive 

mangabeys. At least eight infected African nonhuman primate 
species are known to exist for which sequence data to still to be 

obtained and analyzed, among which are the baboons, coIobus 

monkeys, guenons, and talapoins (Johnson et at, 1991).
in the Kurd section of this paper weconduded with some certainty that 

the hmmn AIDS-causmg viruses have a simian origin, and in Ms section 
suggested with less certainty but significant probability that the first Italian 
AIDSomtag viruses emerged sometime wttM te het few hundred 
years,thattoquftesuddenlyonfeescaleofevoiutionarytlme. tftMstofiie 
case, what fight does it shed upon the two questions that we posed at the end 
of the second section, namely the suddenness and virtual sfanultanefty of 

the onset of tie AIDS epidemic in its major centers less than? decadesago, 
and the apparent simultaneity of the emergence of HIV-1 dtoeaseandHIV- 
2 disease? In order to address these questions more predsdy, we wifi turn 

our attention in die next sectiontothe time frame for the recent evolutionary 
devefopenent of the human AIDS-causing viruses.
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dating the phylogenetic tree

Treeanalyse^siKhasHgurellXdoaoiprovideexpadtinfornwticnabort

ssssgrjsaestt 

estimate the time trnpfich ina tree tote asromea r^s^tiromnto^

an £ caltated or -resolved” through the indusionof samples •oquijed 

at different times. Both strategies have been adopted by rariousjnvestiga- 

torx and a brief summary <rf the findings as they pertain to the divergence 

of HIV-1 from HIV-2 are given in Table 12.1. •
The analytical results of sequence analysis performed byseveral groups 

using different strategies and different viral sequences have been in remark- - 

able agreement AD of the estimates in Table 12.1, however, presupposes 
molecular dock: reasonably uniform rates of nudeotide substitution ob- 
jervedoverarelativelyshorttiineperiod—5to40yearxapproximately— 

are assumed to apply in the more more distant past There b some reason 
to think that thb assumption may not be valid in relation tosome of the feral 
STVs (Allan etaL, 1991; Myers etaL 1992). Moreover, if the ptenommo- 
logical rate constant ba function of the number of infected individuals— 

-epidemic-driven variation'—then the actual divergence time could be 
much further back in time. In fact by almost every other assumption, Jje 

divereemz time will be greater than the estimates summarized in Table
12.1. On the other hand, even the radically tower estimate for the mtoimal 
divergence time—40 years (Hg. 123)—for the simian ancestors of HIV-1

HIV-l/HIV-2 Divergence Time Estimates

HIV Divergence Time Reference 

(minimum years)



II

I

117

4-

putatfre twofold crow-spedes transmission resulted from inavased han- 
<flirt Mdmab and ose of unsforite needles, there eristsjhe distorting

II

DUAL CROSS-SPECIES TRANSMISSION

Can any more be said at thb time about the second dedsive moment fa the 
AIDS pandemic, the twofold introduction of virus into human hosts? 
Assuxniiw (with greater confidence now) a simian origin for the AIDS 

viruses, and acknowledging foe improbability that foe two independent 
and virtually simultaneous ooss-spedes transmissions took place natu­
rally OA, without human intervention), we will consider several contexts in 
which human acdents might have occurred and that could explain the 
coincidence that we have been calling, for lack of better description, foe 
twofold epidemic First, there was a sharp increase in the exportation of 
monkeys from Africa in foe 1960s, largely for purposes of medical research. 

This entailed extensive harxiling at captured animab (Conner and Kingman, 
1988). Second, there was also in the 1960s a valiant push to vaccinate 
Third World populations. In particular, many countries began using 
live polio vacdnes in the spring of 1960, creating some small but 
finite opportunity for introduction of passenger viruses through 

contaminated vaccine lots, as in fact happened with SV-40. A great 
potential for amplification of infections, natural or accidental, exists in 

foe use of cf1**"*!
Shortof discoveringSTV-infectedlotsof vacdnesprepared in the 1960s, 

it seems unfikriy that a dear verdict regarding foese possible modes of 
transmission will ever come forward. Blomberg and coworkers (1990) have 
recently documented cross-reactivities of normal human sera with capaid 

proteiroof diverse simian retroviruses, suggesting a way to evaluate some 
of foese potential modes of transmission. Such antibodies probably have 
arisen aa a result of accidental exposure to simian retroviral antigens, 
although nwlecular mimicry cannot be ruled out To the extent that foe

pHnocecnc moments n the AIDS ewac

and HIV4does not help understand why these viruses first appeared In 
taimam only within foe last 2 decades (as discussed h foe section Bpide- 
miological Snapshots, above). Furthermore, the phylogenetic reawd does 

not provide a satisfactory explanation for foe enigma of two virtually 

simultaneous cross-spedes transmissions.

prospect of future tansmisafonsoutof thelarge,quaHtativeiy<fiveroepooto 
of simian immunodeficiency viruses that are now being discovered.

There is, to keep the record straight, no evidence supporting anyof the 

human accident hypotheses beyond foe circumstantial evidence 
outlined above. And the possibility of uncovering long-established 

but highly isolated endemic sources in humans—the so-called ‘Tost 
tribe* hypothesis—for which Hahn (1990) has provided a bit of 
evidence in relation to the HIV-2 epidemic in west Africa, cannot be 

dismissed at this time.
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MOLECULAR EPIDEMIOLOGY

Sunp&ng md Mquendng at MV-1 op to the present has proddedIs 
surprisingly coherent geogripWol picture of the rinses responsible for 

the major part of the pandemic envelope gene sequences from Zairean 
samples have been dustering together and sequences from US isouies 
have been clustering together. Thfa neat segregation at viral forms, which 

fa tesdnumy to the'newness* of AIDSt is doomed lobe transitory. By 1992, 
at leasts distinct subtypes of MV-1 could be identified, based upon*? and 

an cocfing sequences, in major centers at the pandemic At least 2 of these 
5 forms of HIV-1 are now known to be codreulating in Thailand, and 

another two forms in Brazil; thus, it to only a matter of yearK at most a 
decade, before a redistribution of MV-1 variants to achieved. In the face of 
the extreme diversity of MV-1 and HIV-2, and because of the Hmited 

Rampling thus far (until recently all African MV-1 samples had been taken 
from Kinshasa), several international programs of molecular epidemiology 
have been mounted; now we have sequenced samples from Gabon, 
Cameroon, Uganda, Kenya, and South Africa, to name some of the sites 
understudy. The results of these programs wfll be especially important for 

the vaccine trials that are anticipated.
The random sampling and sequencing to date—molecular snapshots 

so to speak from HIV-1 samples representing some of the earliest infec­
tions—presents a sobering picture of what has to be expected in the future 
from these emerging viruses. These sequence studies have revealed that 
viruses with envelope gene sequences differing by 0% to 6% are typical of 
clones from a single patient Gntrapatient variation), while viruses with 

sequences differing by 6« to 12% have been characteristic of samples from 
different patients (interpatient variation) in toe United States up to 198S. In 
tie 1990-1991 investigation of a Florida dentist and the patients to whom he 

apparently transmitted virus to the course of invasive oral procedures 
(Morbidity and Mortality Weekly Report of 18 January, 1991, published by 
toe US. Centers for Disease Control), viral samples at large in the Florida 

population were found to differ by up to 19%.
This more recent sampling of descendants of the eartier forma to toe 

United States (ttee is Uttle evidence of significant migration of new forms 

into the United States between 1985 and 1990) impties that toe average 

interoatient dfetarceappeantobe increasing at apprwdmalelyl%peryear. 
This to'^h calculation is la fafrfy good agreement with the envelope 
nucleotide substitution rates reported in several recent rtwfies involving 
other cohorts as wefl as single inch viduals (reviewed in M yers and Pa dabs, 
1992). Since it is inevitable that both viral migration and recombination wfll 
be making significant contributions to the total diversity over a longer 

period of toe pandemic, the value of 1% per year for single base changes 

should be regarded as a minimum rate.
There is no dear evidence to date that individuals can be dually or 

multiply infected with the same type of immunodeficiency virus; if super-
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SUMMARY AND CONCLUSION

The preceding discussion has suggested the following results:

4. In brief, neither the hypothetical “big bang* nor the range of pooibie 
dates for divergence of HIV-1 from HIV-2 account* for the “ta prob-

I I

5. These perplexing facts might be explained by two possible avenues of 
cross-species transmissioa that occurred in the 1960k the widespread 
use in Africa of needles in association with vaccination program* (and

1. Phylogenetic tree analysb points strongly to a simian origin of the 
human immunodeficiency viruses. This condusion is corroborated 
by duster analyses done by many other investigators.

able” simultaneous croM~*pedes transmission of both HIV-1 and 
HIV-2 that apparently occurred.

1 The divergence of the type 1 and type 2 human AIDS viruses may 
have taken place as recently as 40 yean ago. though most estimates 
would piece it at ISO to 250 yean aga Wide tNs to a tetatively start 
time on an evolutionary scale, even the nmunramdO-yaar figure i> too 
longtoecplain the sudden and coocunent emergence of the epidemic 
in its mqor centers only as recently as the Isle 1970*.

infection can naturally occur,lt should soon become apparent with iheThai 
and Bmflian samples that are now under investigation. HIV-1 envelope 
gene sequences that differ by 40% are known Io exist for highly dfargent 
viruses found in the United States and AMcl The extraordinary variation 

of AIDS viruses observed especially in human and captive animal popula­
tion^ may be a paradigmatic example of non-steady state evolution, or 
“bottom-heavy daefism” resulting from a recent ecological brealdhrough 
(as stated by Gould et aL,1967, “Clades diversify rapidly in ephemeral 
times of unusual opportunity”).

Tracking human immmodefidency viruses is not a futile task. Pre­
cisely beause these retroviruses vary so rapidly, we tfiscover all the more 

quickly the conserved and invariant properties of their genes and proteins 
(Myers et aL, 1991). The design of antiviral agents will be enormously 
facilitated by the fact that these viruses, unlike more conservative mfcrobes, 
are unable to keep the essential dements of their genomes a secreL

2. The five for more) major types of viruses that Infect rimlans and cause 
AIDS in humans may have emerged from a common ancestor at about 
thesametime. This arguably first phylogenetic moment of the AIDS 
epidemic which may be fikened to the “big beng“, cannot explain the 
sudden and concurrent appearance of human AIDS in th* known 
centers of the epidemic, beyond accounting for a very large and 
diverse reservoir of nonhuman primale immunodefidency viruses 
present in Africa at the onset of the pandemic,



f
t

I

EMERONGVmUSB

amortafoa «f monkay* trom AWa, iMfriy far 
wMdi antaM kaaffinf rf caphwd

history of theso viruMS, but oa thdr Ukdy futura.

simianI. Spodewpecifk diversity among 
from African green monkeys. J.

et aL (19«7). Human immunodeficiency virus infection fa

Washington, D.G, 1-5 June 19S7.

Tadtnan, C. van der Croon, P. Plot, T.Tersmette, J.C. Huisman, and H.

I

protein sequences of the Al DS-causing viruses and their rate of 
change. This will throw light not only oa the evolutionary
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