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ABSTRACT Evolutionary theory predicts the recent
spread of primate immunodeficiency viruses (PIVs) to new
human populations to be accompanied by positive selection in
response to new host environments and /or by random genetic
drift. I assess evidence for positive selection in human and
chimpanzee PIVs type 1 (PIV1s), using ratios of synonymous
to nonsynonymous nucleotide change based on branch lengths
and outgroup rooting. Ratios are smaller for PIVls from
humans than for PIV1 from a chimpanzee for the pol, gag, and
env glycoprotein 120 (gp120) regions, indicating greater ef-
fects of positive selection in PIV1s from humans. Parsimony-
based relative rate tests for amino acid changes showed
significant differences between PIV1s from humans and chim-
panzees in 18 of 48 pairwise comparisons, with all 18 showing
faster rates of change in PIV1ls from humans. This study
indicates that in some instances, the recent evolution of
human PIVls follows a speciational pattern, in which in-
creased diversification of taxa is correlated with greater
amounts of character change appearing and being maintained
through time. This extends the generality of the speciational
pattern to a group of organisms (viruses) having the fastest
known rates of anagenetic change for nucleotide characters
and indicates that comprehensive understanding of PIV1
evolution requires consideration of both anagenetic change
within viral lineages and the relative historical success of
different viral clades. Phylogenetic analyses show that neither
PIV1s infecting humans nor those infecting chimpanzees
represent monophyletic groups and suggest multiple host-
species shifts for PIV1s.

Primate immunodeficiency viruses (PIVs) have been coloniz-
ing new human populations rapidly since the mid-1970s.
Human PIV1s from Africa include the greatest known diver-
sity of human PIV1 subtypes, representing the earliest diver-
gent clades, and various subsets of these subtypes can now be
found on all continents (1-3). Evolutionary theory predicts
that this rapid geographic spread is likely to be accompanied
by viral molecular sequence change that is either adaptive in
response to new host environments or due to random genetic
drift. Greater amounts of nonsynonymous (resulting in amino
acid change) relative to synonymous (no amino acid change)
nucleotide substitution characterize adaptive change and se-
lection but not drift. Previous assessments of selection in
PIV1s have focused on specific gene regions and have iden-
tified multiple, potentially overlapping, mechanisms, including
selection for variants escaping the host’s immune system
surveillance (4-6), selection for macrophage or T-cell tropism
(7, 8), selection for both convergence and diversification in the
primary antigenic determinant (V3 loop) (7, 9), and selection
for resistance to antiviral drugs such as 8-azidothymidine
(AZT) (10). Theoretical studies have indicated the feasibility
of selection favoring changes in replication rates, transmission

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

3284

rates, and levels of virulence in response to environmental
variables such as changes in host density and behavior and the
cost of resistance (11-13).

Multiple selective forces can operate concomitantly, and
their effects on PIV1 sequence evolution may be mixed in
varying degrees. Thus, no single selective mechanism is likely
to explain patterns of change across diverse gene regions. In
addition to positive selection operating on individuals within
populations (microevolution), substantial evolutionary change
may be due to differential success of clades in terms of
speciation rate and longevity (macroevolution). A speciational
or punctuational view of evolutionary tempo (14) posits that
change accrues faster during periods of cladogenesis and
potential adaptive radiation than is found afterwards. Here, I
assess evidence for both positive selection and speciational
evolution in PIV1s from humans and chimpanzee in compar-
isons of the PIV1 protein-coding genome overall and piece-
meal. I provide a phylogenetic analysis of human and chim-
paunzee PIV1s to enable PIV1 comparisons based on branch
lengths. Names for viral lineages follow a phylogenetic taxon-
omy based on common descent (15), with PIV1s including
viruses previously called human immunodeficiency virus type
1 (HIV1s) and simian immunodeficiency viruses (SI'Vs) from
chimpanzee (Pan troglodytes).

METHODS

I obtained PIV nucleotide sequences from the Human Ret-
roviruses and AIDS data base [world wide web address:
http://hiv-web.lanl.gov) and fit aligned amino acid sequences
to corresponding nucleotide strings by using CLUSTAL Vv (16)
and DNA STACKS (17). Human PIV1 sequences selected rep-
resent phylogenetically defined subtypes A, B, D, and O (ref.
18; Fig. 1), which includes all of the currently designated
human PIV1 subtypes having entire genomes available for
analysis. I conducted parsimony analysis for nine PIV1s and
two PIV2s, using exhaustive branch and bound searches as
implemented in PAUP version 3.1.1 (21). Gaps were treated as
missing characters and regions of uncertain alignment with
numerous gaps were omitted from analyses to reduce ho-
moplasy. The data set includes 2789 base positions from the pol
region, 891 from the gag region, and 1379 from the env region
(5059 total). The third hypervariable region (V3) within env
was omitted from analyses because of its hypervariability and
uncertainties in alignment.

Relative proportions of synonymous and nonsynonymous
change have been applied previously in assessment of potential
selective effects in immunodeficiency viruses (6, 22, 23) and
maintenance of polymorphism at major histocompatibility
complex loci (24). Ratios of synonymous to nonsynonymous
changes (S/N) also work to reduce potential biases imposed by
any fluctuations across taxa in the mutation rate associated

Abbreviations: PIV, primate immunodeficiency virus; S/N, ratio of
synonymous/nonsynonymous changes; gp, glycoprotein; V3, third
hypervariable region.
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FiG. 1. Most parsimonious tree for nine PIV1s using two PI'V2s as a combined outgroup based on 5059 nucleotide base positions total from
the pol, gag, and env gene regions and three different weighting schemes (see text). With equal weighting for all characters, this tree entails 6720
steps and has a consistency index of 0.72. Numbers by branch nodes denote support indices (19) describing the difference in length between the
most parsimonious tree and the shortest tree in which the particular clade is not present. Branch shading denotes viral host species and indicates
the most parsimonious history of host-species shifts (black = Pan troglodytes [chimpanzee], white = Homo sapiens, gray = Cercopithecus aethiops
[African green monkey]). Virus names are based on a phylogenetic taxonomy (15), with PIV1s including viruses previously called HIV1s and SIVs
from chimpanzee, and PIV2s including former HIV2s and SIVs from African green monkeys. Virus abbreviations, host species (Hs = Homo
sapiens), human PIV1 subtype (18), and data base accession numbers are: PIV1 455, Hs, subtype A, M62320; PIV1 csf, Hs, subtype B, M38429;
PIV1 lai, Hs, subtype B, K02013; PIV1 eli, Hs, subtype D, K03454; PIV1 ndk, Hs, subtype D, M27323; PIV1 t70, Hs, subtype O, L20587, M31171;
PIV1 180, Hs, subtype O, L20571; PIV1 gab, P. troglodytes, X52154; PIV1 ant, P. troglodytes (U42720; see ref. 20 for description); PIV2 ben, Hs,

M30502; PIV2 agm, Cercopithecus aethiops, M30931.

with changing modes of viral transmission (endogenous or
exogenous) and levels of virulence affecting viral replication
rates. I use S/N ratios to test the hypothesis that PIV1s
infecting humans have experienced greater selection pressure
than PIV1s infecting chimpanzees. The power and novelty of
this test derives from use of outgroups in calculating S/N
ratios. Because the ingroup taxa are nearly equal in age relative
to the outgroup, rate differences can be determined between
them without knowledge of their absolute ages and without the
assumption of equal time since divergence among lineages,
which is required in genetic distance comparisons lacking
reference to an outgroup. Among the study taxa, most human
PIV1s were collected before the chimpanzee PIV1s, and
potential bias due to slight age differences would favor slower
rates in human PIV1s, opposite to the observed trend.

Both S/N ratios and relative rate tests are based on branch
lengths from a series of phylogenetic trees with four taxa.
These trees include all pairwise comparisons of the ingroup
taxa (PIV1s) with two outgroup taxa and consider only the
ingroup branch lengths following divergence from their most
recent shared node. Relative rate tests use a binomial test for
departure from the expectation of equal branch lengths for
ingroup taxa if evolutionary rates are equal (25).

RESULTS

The same most parsimonious tree (Fig. 1) was found in three
separate analyses for all gene regions combined: (i) equal
weighting for all characters, (ii) use of first and second codon
positions only, and (iii) giving an a priori weight of 0 to T <
C changes in all gene regions and a further weight of 0 for A
< T and A < G changes in the env gene region (encoding
gp120 and gp41) only. Unequal weighting schemes ii and iii are
based on the faster rate of accumulation for substitutions at
third codon positions, the generally faster rate of change in env
compared with pol and gag (26), and plots (saturation curves)
of numbers of substitutions for each of the six possible
nucleotide pairs against percent divergence for all changes in
pairwise comparisons of taxa. In these latter plots (not shown),

substitution types given a weight of 0 in iii above appear most
prone to saturation (and homoplasious similarity) on the basis of
a reduction in the slope of their curves. Although analyses ii and
iii involve less homoplasy, the homoplasy present in analysis i does
not overwhelm the phylogenetically informative character
changes. Congruent results from the three analyses increase
confidence in the tree. One hundred bootstrap reanalyses using
weighting scheme iii found all nodes in Fig. 1 to be supported
100% of the time. Neither PIV1s infecting humans nor PIV1s
infecting chimpanzees represent monophyletic groups (Fig. 1).

Ps and Py denote proportions of synonymous and nonsyn-
onymous nucleotide differences per synonymous and nonsyn-
onymous sites, respectively, and were calculated by using the
program MEGA (27) to assess sequence saturation and to
augment S/N ratios based on branch lengths. Mean Ps/Pn
ratios for pol, gag, env gp41, and env gp120 were 7.28, 5.47, 3.40,
and 2.81, respectively, for all pairwise comparisons of the five
most closely related human PIV1s (455, lai, csf, ndk, eli).
Negative (purifying) and positive selection are inversely re-
lated in that the former entails higher Ps/Py ratios with most
nonsynonymous changes selected against, and the latter entails
lower ratios with more nonsynonymous changes allowed or
selected for. Coffin (28) described retrovirus experiments
showing selective effects for nearly all variants and argues,
reasonably, that no retrovirus substitutions can be assumed to
be entirely neutral. In this light, I interpret the Ps/Py ratios as
indicating that purifying selection is decreased and positive
selection increased in considering the genes in the order listed
above of decreasing Ps/Pn. This view does not rule out
selective effects for synonymous changes (on features such as
RNA structure), though it does suppose greater selective
effects, on average, for amino acid substitutions.

S/N ratios, using values based on branch lengths and
outgroup rooting, are smaller for PIV1s from humans than for
a PIV1 from a chimpanzee for the pol, gag, and env gp120
regions (Fig. 2). This indicates greater amounts of nonsynony-
mous change relative to synonymous change and increased
effects of natural selection in PIV1s from humans for these
genes. S/N ratios are nearly the same for the env gp41 region,
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indicating greater similarity in selection pressure. Multiple
substitutions at numerous individual sites (saturation) can
compromise sequence comparisons; however, this is not the
case for the comparisons in Fig. 2 or for the Ps/Py ratios above.
Saturation can be inferred from plots of Ps and Pn versus
percent sequence divergence for pairs of taxa and is indicated
by a leveling of the Ps curve, with values staying around 0.60
to 0.70 despite increasing percent divergence for all four gene
regions (Fig. 3). However, all pairwise comparisons used in
Fig. 2 and the Ps/Py ratios involve percent divergence values
smaller than those falling under plateaus of the curves in Fig.
3. This is necessary to minimize confounding effects of hom-
plasious similarity that can arise from saturation. Comparisons
involving the earlier diverging chimpanzee sequence (PIV1
ant, Fig. 1) were not included in Fig. 2 or the Ps/Py ratios
because those percent divergence values do fall below the
extended plateaus of the Fig. 3 curves. Fig. 3 indicates a faster
rate of accumulation for synonymous changes and greater
saturation for synonymous changes when considering older
divergences, as expected. This also indicates greater con-
straints bearing on nonsynonymous than synonymous changes.

Relative rate comparisons for amino acid changes showed
significant differences between PIV1s from humans and chim-
panzees in 18 of the 48 pairwise comparisons (37.5%) with all
18 showing faster rates of change in PIV1s from humans
(Table 1). These 18 significant differences are congruent with
the S/N ratios and denote a tendency for accelerated rates of
amino acid change in some PIV1s from humans. Significant
rate differences were more common in the env gp120 (58.3%)
and pol (66.7%) regions, compared with the env gp41 (16.7%)
and gag (8.3%) regions. Plots of Pn (Fig. 3) suggest that the
amino acid sequences involved in these comparisons are not
saturated with change and thus are historically informative.
Although 83.3% of all comparisons showed more amino acid
character changes in PIV1s from humans compared with those
from chimpanzees, 62% of the pairwise comparisons were not
significantly different.

DISCUSSION

Selection Within Host Species. The S/N ratios indicate that
natural selection has had greater effects on molecular se-
quence evolution in some PIV1s infecting humans than in
related PIV1s from a chimpanzee (Fig. 2). This is found not
just in the env gp120 region encoding surface antigens but also
in the gag and, to a lesser degree, pol regions encoding (i)

S/N

PIVigab
PIV1s human

env gpl20 env gp4l

gag pol

FiG. 2. S/N ratios for four genes in PIV1s from a chimpanzee
(PIV1 gab) and averaged from five humans (PIV1s 455, lai, csf, eli, and
ndk). Ratios are based on branch lengths from a series of four-taxon
phylogenetic trees, each using PIV1s t70 and 180 as a combined
outgroup. Smaller ratios indicate proportionally more nonsynonymous
change and provide evidence of effects of natural selection.
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matrix, capsid, and nucleocapsid structural proteins and (i)
reverse transcriptase, endonuclease, and protease enzymes,
respectively. When one considers the presence of this effect
across different gene regions and recognizes individual virus
particles, rather than particular genes or gene regions, as units
of selection, the findings suggest that at least some PIV1
lineages are undergoing a degree of organismal adaptive
radiation in humans as seen in other organisms either subject
to changed environments or colonizing new environments
(founder events). The recent history of PIVls, spreading
rapidly within and among human populations since the 1970s
or earlier (3), is consistent with this view.

Because each taxon is used repeatedly in calculation of S/N
ratios and in calculation of relative rate tests, not all of the
ratios or relative rate tests are independent from one another.
This precludes significance tests for differences among S/N
ratios in Fig. 2 and overinterpretation of the number of
significant versus nonsignificant binomial tests in Table 1.
Though I found evidence indicating the influence of natural
selection across diverse gene regions for human PIVls, the
analyses do not suggest that selection explains all or even most
human PIV1 diversification. Viral diversification does not depend
on selection alone and is related to many other factors, including
high mutation rates, high reproductive rates, variation in func-
tional constraints, potential genetic drift, relative transmissibility,
and differential extinction rates. In this context, ratios and relative
rate tests in which some comparisons implicate natural selection
while others do not is expected. Evidence of stronger positive
selection is seen in studies focusing on the human PIV1 V3
region; however, even in this antigenic determinant region,
varying degrees of susceptibility to natural selection among
closely related viral lineages is seen (6).

The evolution of phylogenetically defined human PIV1 sub-
types reflects coevolution between viruses and hosts, as viruses
encounter variation among human individuals and populations in
immune system capabilities, cultural factors influencing trans-
mission (such as rates of sexual partner change), and occurrence
of coinfecting pathogens that may influence PIV transmission
and fitness. For example, increased PIV1 transmission rates have
been found in individuals with other sexually transmitted diseases
(29, 30). Distribution of other viruses may influence selective
effects on PIV1s by means of “phenotypic mixing” in which PIV1
genomes are inadvertently placed within the envelope of other
viruses, thereby acquiring different cellular host ranges. Viruses
that are susceptible to such phenotypic mixing with PIV1s and
that vary in frequency among human populations include PIV2,
HTLV-I, vesicular stomatitis virus, and herpesviruses (reviewed
in ref. 31). Relative rate tests showing faster amino acid evolution
in PIV1s from humans compared with PIV1s from chimpanzees
(Table 1) are consistent with the interpretation of greater selec-
tion pressure in human PIV1s as well.

I do not link the inferred increase in selection pressure to any
specific mechanism for several reasons. There are numerous
ecological variables that can influence coevolution between
PIV1s and their hosts, and, when considering large sections of
the genome, any selective effects stemming from those differ-
ent variables are expected to be mixed. Further, specific
selective forces may vary in impact over time as the host
environment changes. Recombination events among PIV1s
such as those identified by Robertson et al. (32) can provide
additional variation for selection to act upon, and their po-
tential effects will be embedded within results from virus
sequence comparisons. Random sampling events in virus
transmission and in the collection of virus sequences may also
contribute to patterns of variation across taxa (33). However,
random sampling events within PIV1 subtype populations, will
yield less variability than that found in comparisons between
different phylogenetically defined subtypes.

Difference in S/N ratios between PIV1s from humans and
chimpanzees are greatest in env gp120, followed in descending
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FiG. 3. Plots of Ps (O) and Pn (<) versus percent divergence for all pairwise comparisons among 11 taxa (see Fig. 1 for taxa names). Ps and
Pn denote proportions of synonymous and nonsynonymous nucleotide differences per synonymous and nonsynonymous sites, respectively (27).

order by gag, pot, and env gp41 (Fig. 2). The env gp120 ratios
support previous hypotheses of selection for variants escaping
immune surveillance, despite removal of primary epitope V3
sequences from the current analyses, as non-V3 env gp120
regions have been implicated in antigenic determination (see
ref. 31). Similarly, the gag S/N ratios are also consistent with
selection for escape mutants, as gag sequence variation has
been implicated in loss of recognition of viral antigens by
cytotoxic T lymphocytes (5). However, the number of base
substitutions involved in immune surveillance escape is not
well known and may be small. po/ S/N ratios are also smaller
in human PIV1s, though to a lesser degree. Greater positive
selection on pol sequences could be related to several factors,
including resistance to antiviral medications and coevolution
for compatibility with the host cells’ replication enzymes and
processes. However, resistance to antiviral medication can

entail only three or four nucleotide substitutions from “wild
type” (10) and would have relatively little impact on S/N
ratios. Nearly identical ratios for env gp4l are reflected in
small relative rate test differences (Table 1) and do not suggest
significant differences in selective pressure experienced by
human and chimpanzee PIV1s.

Selection Between Host Species. Accelerated rates of amino
acid evolution have been predicted for viral lineages colonizing
new hosts in response to the new selective pressures imposed
by the immune system and cell composition of a new host (34),
and such an increased rate has been reported for influenza
viruses (35, 36). This is an extension of the adaptive radiation
phenomenon discussed above, put in the context of a shift or
transmission between host species rather than within a host
species. By this view, increased selective effects on human
PIV1s might be seen as evidence for a PIV1 host shift from

Table 1. Phylogenetic relative rate tests for amino acids in pairwise comparisons of PIV1s from chimpanzees (chimp)

(gab, ant) and humans

Human PIV1s

Chimp

PIVis 455 lai csf eli ndk t70 180
env gp120

gab +15/25 +12/27* +13/30* +16/24 +14/26*

ant +19/33* +22/31 +21/30 +21/32 +20/34* +15/42* +22/42**
env gp4l

gab +15/21 +14/15 +14/17 +14/18 +13/18

ant —20/16 +14/15 —21/16 —16/15 —-18/17 +11/27** +10/27**
8ag

gab +15/22 +12/20 +13/19 +13/23 +13/25*

ant —22/18 -17/16 -19/18 —18/17 +15/16 +19/25 +21/27
pol

gab +34/54* +32/49* +35/48 +35/52* +35/44

ant +52/78* +50/75* +52/77* +49/77** +49/73* +63/78 +68/79

Numbers shown denote branch lengths for the taxon in the leftmost column/taxon in the top row, respectively; + or —
denotes whether the PIV1 from humans showed more or fewer character changes, respectively. Combined outgroups used in
calculating branch lengths were PIV1s t70 and 180 for comparisons involving PIV1 gab, and PIV2s agm and ben for
comparisons involving PIV1 ant (see Fig. 1 for taxon abbreviations). x, P < 0.05; **, P < 0.01.
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chimpanzees to humans. However, in this particular case that
interpretation is not justified. Positive selection on human
PIV1s has been demonstrated in sequential studies within host
individuals and host populations (refs. 7 and 37; see ref. 8), and
these selective effects will tend to overwrite any imposed
earlier at the time of a host-species shift. Shpaer and Mullins
(4) report a correlation between increased rates of nonsyn-
onymous change and pathogenicity among PIVs, and the
apparent greater virulence of PIV1s in humans than chim-
panzees is consistent with the view of selection effects occur-
ring within rather than between host species. However, ap-
parent low virulence of PIV1s in chimpanzees is not well
established. Thus, selection on PIV1s between and within host
species can yield the same effect on rates of amino acid change
and S/N ratios, and neither can be ruled out. Our poor
understanding of the molecular-level features of PIVs limiting
host specificity and previous observations (38) for other viruses
that host specificity and pathogenicity may change with a small
number of point mutations argue for a cautious approach.

The phylogenetic analysis (Fig. 1) suggests multiple inde-
pendent colonizations (host-species shifts) by PIVs of humans,
chimpanzees, or both. Although, our knowledge of the pres-
ence or absence of PI'Vs for primate taxa is limited, the current
evidence on PIV phylogeny and PIV distribution among
primates is consistent with humans being the ancestral host for
PIVs currently found in chimpanzees and other primates
species as well (15). This is based on (i) the use of parsimony
to assess the fewest host-species shifts for PI'Vs and (if) the fact
that PIVs in humans show greater phylogenetic diversity than
is currently found in viruses from any other infected primate
species. To better estimate the sequence of host-species infec-
tions, more information is needed on the distribution of PIVs
in other primates species (greater sampling of species and
populations) and their pathogenicity.

Historical Maintenance of Diversity. Historical diversifica-
tion of PIV1 taxa, stemming from founder events, barriers to
dispersal, on-going nucleotide sequence change, and extinc-
tion, provides a mechanism for protecting change regardless of
whether it is adaptive or not (see refs. 39 and 40). Relative rate
tests for amino acid evolution indicate that the recent evolution
of human PIV1s tends to follow a speciational pattern in which
an apparent greater diversification of taxa is correlated with
greater amounts of character change being maintained
through time (Table 1). This extends the generality of the
speciational, punctuated pattern to a group of organisms
(viruses) having the fastest known rates of anagenetic change
for nucleotide characters and indicates that relatively little
character change being preserved in any particular clade
cannot be attributed to low rates of anagenesis. Thus, com-
prehensive understanding of PIV1 (and other virus) evolution
requires consideration of changes within viral lineages as well
as the relative historical success of different higher level viral
clades. Little work has been done on the latter, and we do not
know whether differential historical success is due to particular
attributes of entire clades being selected for or to randomly
varying rates of branching and extinction.
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