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Simian immunodeficiency viruses (SIV) have had considerable success at crossing species barriers; both human immu-
nodeficiency virus (HIV)-1 and HIV-2 have been transmitted on multiple occasions from SIV-infected natural host species.
However, the precise evolutionary and ecological mechanisms characterizing a successful cross-species transmission event
remain to be elucidated. Here, in addition to expanding and clarifying our previous description of the adaptation of a di-
verse, naturally occurring SIVsm inoculum to a new rhesus macaque host, we present an analytical framework for un-
derstanding the selective forces driving viral adaptation to a new host. A preliminary analysis of large-scale changes in
virus population structure revealed that viruses replicating in the macaques were subject to increasing levels of selection
through day 70 postinfection (p.i.), whereas contemporaneous viruses in the mangabeys remained similar to the source
inoculum. Three different site-by-site methods were employed to identify the amino acid sites responsible for this ma-
caque-specific selection. Of 124 amino acid sites analyzed, 3 codons in V2, a 2–amino acid shift in an N-linked glyco-
sylation site, and variation at 2 sites in the highly charged region were consistently evolving under either directional or
diversifying selection at days 40 and 70 p.i. This strong macaque-specific selection on the V2 loop underscores the im-
portance of this region in the adaptation of SIVsm to rhesus macaques. Due to the extreme viral diversity already extant in
the naturally occurring viral inoculum, we employed a broad range of phylogenetic and numerical tools in order to dis-
tinguish the signatures of past episodes of selection in viral sequences from more recent selection pressures.

Introduction

Transmission of pathogens from animal reservoirs to
humans is responsible for many of the world’s most deadly
and costly epidemics (Hirsch et al. 1989; Gao et al. 1999;
Holmes 2005; Leroy et al. 2005; Parrish and Kawaoka
2005). In some cases the mechanisms by which animal
pathogens cross the species barrier are relatively easy to
identify (Qu et al. 2005; Wang et al. 2005); however, zoo-
notic transmissions are most often due to very complex in-
teractions between ecological, evolutionary, biochemical,
and sociological factors (Hahn et al. 2000; Palese 2004).
Thus, not only is it difficult to identify the causes of past zoo-
notic epidemics, but these complex interactions may also
hinder our ability to predict future epidemics. The develop-
ment of a framework for identification of critical dynamical
and biochemical factors influencing the emergence of infec-
tious diseases is vital to our understanding of epidemics to
come.

Upon transmission to a new host species, viruses must
usually adapt to a new genetic and immunologic environ-
ment in order to replicate and spread to other individuals
within the species (Webby et al. 2004). The high mutation
and replicative rates of RNA viruses such as human immu-
nodeficiency virus (HIV) and influenza facilitate the occur-
rence and fixation of such beneficial mutations (Moya et al.

2004). Viral adaptations to new hosts primarily manifest as
amino acid substitutions, which can allow more efficient
virus cell entry in the new host (Ito et al. 1998; Qu et al.
2005), block interactions with detrimental host proteins
(Mangeat et al. 2003; Stremlau et al. 2004), and promote
escape from both the new and the old host’s immune
responses (Smith et al. 2004; Wei et al. 2003). Should po-
tentially adaptive mutations occur naturally before trans-
mission (Demma et al. 2005) or be maintained in an
intermediate host (Ito et al. 1998), the zoonotic virus will
have a head start adapting to its new host environment.
Thus, high viral genetic diversity in the reservoir host
may be a dominant criterion discriminating a successful
zoonosis from a dead-end exposure (Demma et al. 2006).

To understand the evolutionary processes facilitating
viral zoonosis, we have been studying the adaptation of
the envelope glycoprotein (env) of a diverse simian
immunodeficiency virus (SIV) isolate from its natural sooty
mangabey (SM) host after experimental inoculation of
a nonnatural rhesus macaque (RM) host (Demma et al.
2005; Silvestri et al. 2005). By comparing changes in viral
population structure after infection of both SMs and RMs
with the identical diverse viral inoculum, we can identify
the specific genetic targets of zoonotic adaptation and gain
insight into what selective forces might be driving this zo-
onotic adaptation. Essentially, natural selection after
a cross-species transmission would act like a sieve, favoring
those amino acid polymorphisms critical for direct host–
virus interactions in the new host, while ignoring neutral
sequence variation and specific adaptations to immune re-
sponses of the previous host. Therefore, our experiment in
cross-species adaptation will not only allow us to under-
stand how a viral envelope adapts to a new host, but will
also facilitate identification of particular residues in env,
which are critical for its functional robustness.
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Most analyses of SIV adaptation to RMs have in-
volved inoculation of animals with clonal viruses, which
had either been passaged in RMs previously or were first
isolated from RMs accidentally infected with SIVsm in
the 1980s. In these studies, analysis of the ratio of nonsy-
nonymous to synonymous substitutions have revealed par-
ticular genes or amino acid sites that are under positive
diversifying selection pressure due to immune responses
against these sites. These studies of adaptation have been
crucial to our understanding of how immunodeficiency
viruses adapt to host immune responses. However, because
of the preadapted condition of these virus isolates and the
lack of genetic diversity upon which zoonotic selection can
act, they do not sufficiently address the question of how
diverse naturally occurring virus populations adapt to
a new host species. Furthermore, if the spread of SIV into
humans was mediated by direct contact with blood from
African nonhuman primates (Hahn et al. 2000), the first
infected human would have been exposed to a large, and
likely very diverse, bolus of virus.

By inoculating RMs and SMs with a large bolus (;106

virus copies) of an already highly diverse virus population
from a naturally infected SM, we have provided the neces-
sary sequence diversity for selection to act upon and may
have more acutely approximated the circumstances of the
first nonhuman to human transmission of a primate lentivi-
rus. However, this diversity is the result of the virus having
adapted to an animal whose immune responses have left
their mark on the virus population’s genetic structure (Dem-
ma et al. 2006). Therefore, simply calculating the ratio of
nonsynonymous to synonymous substitutions at each co-
don in virus sequences sampled shortly after infection
may not reliably distinguish between the evolutionary sig-
natures of immune responses in the donor animal from the
selective forces mediating adaptation to the recipient new
host species. Thus, it is important to minimize the influ-
ence of this preexisting selective signature in zoonotic viral
sequence analyses by characterizing fluctuations in the
overall viral population structure as well as amino acid
frequency changes at specific polymorphic sites.

Therefore, we have employed a combination of intu-
itive population genetic analyses and more complex models
of codon substitution in order to extend our previous anal-
yses (Demma et al. 2005) of the evolution of a natural and
diverse SIVsm env variable loop 1 and 2 (V1V2) after trans-
mission to a nonnatural RM host. This previous study de-
scribed strong RM-specific restriction in the N-linked
glycosylation (N-glyc) motif density and length of the
V1 loop at days 10 and 14 postinfection (p.i.) followed
by the emergence after day 100 p.i. of a diverse viral pop-
ulation with an allelic distribution more similar to that of the
source inoculum (SI). Here, employing previously unused
numerical analyses and a more comprehensive phyloge-
netic analysis of the same viral sequence data, we detect
strong RM-specific selection in the V2 loop at days 40
and 70 p.i., which underscores this region’s importance
in adaptation to the RMs. Most prominently, changes in
the position and frequency of an N-glyc motif in the V2
loop likely represent an adaptation either to a divergent
CD4 or chemokine coreceptor or to an as-of-yet undeter-
mined target cell population.

Methods
Experimental Inoculation of Nonhuman Primates and
Collection of Clonal Sequence Data

Three SMs (FCo, FGu, and FLn) and three RMs (RHt,
RZw, and RQl) were inoculated intravenously with the same
diverse SIVsm population derived from a naturally infected
SM (SI). Their course of viremia, immunological profiles,
and viral genetic characteristics have been previously de-
scribed (Demma et al. 2005; Silvestri et al. 2005). Briefly,
the virus replicated well in all 3 SMs but only 2 of the 3 RMs
(RHt and RZw), with peak viremia ranging from 5.03107 to
1.63109 viral copies per milliliter plasma and chronic phase
setpoints ranging from 1 3 105 to 5 3 106 copies per mil-
liliter. Due to its low to undetectable SIVsm viremia, RQl is
not included in any subsequent analyses. Viral sequences
were sampled from plasma viral RNA by reverse transcrip-
tase–polymerase chain reaction at intervals throughout the
first year of infection, and multiple clonal isolates of the virus
envelope V1V2 region were amplified and sequenced. Input
viral RNA copy number was not normalized prior to reverse
transcription. However, viral load was not significantly dif-
ferent between animals at each time point, limiting potential
copy number bias for within–time point comparisons. Fur-
thermore, dilutions of a SI cDNA pool were subjected to the
same PCR conditions, cloned, and then sequenced to rule out
any potential input copy number bias. Finally, multiple PCR
reactions were run on several samples to ensure the consis-
tency of sequence results from each reaction. All sequences
can be found in GenBank with accession numbers
AY852284–AY852962.

Calculating Adaptive Events

To elucidate large-scale differences in the population
structure of SIVsm infecting the SMs and the RMs, we ap-
plied to our sequence data set the analytical method devel-
oped in Williamson (2003). A majority consensus sequence
was constructed from the 29 SI sequences. Alignments of
sequences from each time point within each animal were
compared with this consensus in SITES (Hey and Wakeley
1997) to determine the number of nonsynonymous and syn-
onymous polymorphisms occurring at each site and at each
time point. Polymorphisms were then classified as either
common (.50%) or rare (,50%). Under neutrality, the ra-
tio of common nonsynonymous to common synonymous
polymorphisms should equal the same ratio of rare poly-
morphisms. Positive diversifying selection on amino acid
sequences would manifest itself as an excess of common
polymorphisms, thus

a5CN � ðCSRN=RSÞð11 1=RSÞ;
where a represents the excess number of common nonsy-
nonymous polymorphisms (termed ‘‘adaptive events’’), CN

and CS are the calculated number of common nonsynony-
mous and synonymous polymorphisms, respectively, and
RN and RS are the number of rare nonsynonymous and syn-
onymous polymorphisms, respectively. Deviations of the
rate of increase of adaptive events between day 14 and
70 p.i. from 0 were determined separately in the RMs
and the SMs using Spearman’s rank correlation.

Cross-Species Adaptation of an SIV Envelope 661



Bayesian Phylogenetic Analysis

MrBayes (Huelsenbeck and Ronquist 2001) was used
to construct phylogenetic trees (fig. 3A–E) of all isolates
within each individual and the SI from our gap-stripped nu-
cleotide alignments. Nucleotide positions within each codon
were assumed to evolve at independent rates according to
a gamma distribution whose rate parameter was estimated
from the data. For each tree, 2 independent runs with 4 Monte
CarloMarkov chains were performed on anAppleG5 8-node
cluster. Each chain was run for 2,000,000 generations sam-
pling every 1,000 generations. TRACER (http://evolve.
zoo.ox.ac.uk/) was used to evaluate chain convergence.
The burn-in length was determined independently for each
tree, and the run with the longest burn-in (FCo: 24,000 gen-
erations; FGu: 150,000; FLn: 970,000; RHt: 87,000; RZw:
260,000) was used when building the consensus tree from
both runs. The average standard deviation of the split fre-
quencies (post–burn-in) for each tree was 0.066 (FCo),
0.010 (FGu), 0.043 (FLn), 0.045 (RHt), and 0.056 (RZw.)
Bayesian posterior probabilities for each node were esti-
mated as the proportion of trees sampled after burn-in con-
taining each of the observed bipartitions.

Neighbor-Joining trees built using the distance method
in PAUP4.10b (Swofford 2002) were consistent with our
Bayesian results, although the consensus Bayesian topolo-
gies were significantly more likely (Kishino–Hasegawa test,
P, 0.001). To ensure internal consistency between the trees
of individual animals, each tree was stripped of all variants
except for the 29SI variants, using Treetool2.0.2 (Maciukenas
1994), and the 5 resulting trees were compared with each
other as well as with a maximum likelihood tree built only
from the SI (data not shown). The 3 major SI clades are re-
solved well in all trees, although the topology of variants
within these clades varies slightly. Despite difficulty in re-
solving SI variants 7, 8, 11, and 13 due to possible recombi-
nant origins, these trees are largely in agreement.

Mapping Amino Acid Substitutions onto Phylogenetic
Trees

Amino acid substitutions were mapped onto each indi-
vidual animal Bayesian tree using the parsimony method in
MacClade (Maddison WP and Maddison DR 1989). The an-
cestral sequence was assumed to be the node basal to the
branch containing SI variants 3, 6, 14, 23, 27, and 29. Sub-
stitutions occurring on clades containing only SI variants
were not counted in any analysis. After obtaining bulk site-
wise counts of the number of amino acid substitutions, each
site was scored for the possibility of selection. A site was con-
sidered under selection inan animal if 1) it contained multiple
(.1) amino acid substitutions on terminal branches, repre-
senting parallel evolution, or 2) it contained one or more syn-
apomorphic amino acid substitutions (Sheridan et al. 2004).
The time points of variants present in clades with amino acid
substitutions considered to be adaptive were recorded.

Maximum Likelihood Calculations of the Rates of
Nonsynonymous and Synonymous Substitution

Due to the inability of likelihood models of codon sub-
stitution to explicitly account for differences in the time of

sampling between taxa, we calculated rates of nonsynon-
ymous (dN) and synonymous (dS) substitution separately
at each time point within each animal. Modeltest (Posada
and Crandall 1998) was run on each alignment to deter-
mine the best substitution model for building the trees. The
most common substitution model was used for all trees to
minimize the effects of using different nucleotide substi-
tution models on the outcome of subsequent analyses.
Maximum likelihood trees of each time point within each
animal were then built in PAUP4.0b10 (Swofford 2002)
using the HKY1G model of nucleotide substitution and
mating base frequencies, the transition/transversion ratio,
and shape of the gamma distribution separately for each
alignment.

dN and dS were then estimated from the nucleotide
alignments under a fixed effects likelihood model of codon
substitution in HyPhy (Kosakovsky Pond and Frost 2005;
Kosakovsky Pond et al. 2005) and scaled to the maximum
likelihood trees. Unlike many other implementations of co-
don substitution models where dS is estimated and fixed
across the entire sequence, this particular program allows
for estimation of both dN and dS at each individual codon.
The numbers of nonsynonymous and synonymous substi-
tutions were calculated at each site given the topology of
each tree and likelihood ratio tests were performed to de-
termine whether dN was significantly greater than dS. A
P-value cutoff of P , 0.25 was chosen based on the find-
ings of Kosakovsky Pond and Frost (2005). Sites under
species-specific selection were defined as those with con-
sistent selective patterns over time and across animals
within that given species.

Results
SIVsm Undergoes Multiple Adaptive Events in RMs but
Not in SMs during the Early Postacute Phase of Infection

Because previous analyses (Demma et al. 2005) of this
robust data set focused primarily on viral genetic charac-
teristics at the peak of acute infection and at late times p.i.,
we sought to understand the pattern of SIVsm adaptation
to new host targets during the postacute phase, before the
development of a strong neutralizing antibody (nAb) re-
sponse. To determine whether viral sequence adaptations
beyond those already described were occurring in our ex-
perimentally SIVsm-infected monkeys, we analyzed our
data set using a method (Williamson 2003) designed to
track changes in the frequencies of nonsynonymous and
synonymous polymorphism in virus populations over time
by comparing alignments of each p.i. time point with a con-
sensus of the SI (fig. 1).

The pattern of SIVsm adaptation differs greatly be-
tween the viruses replicating in the 2 species over the first
100 days of infection (fig. 2A). The number of adaptive
events occurring in SIVsm replicating in SMs remains rel-
atively stable, fluctuating moderately around 0 through day
70 p.i. This is consistent with the notion that virus popula-
tions having replicated in SMs for centuries need not adapt
to other SMs prior to the development of humoral immune
responses. In contrast, SIVsm exhibits a very distinct but
consistent adaptive pattern in both viremic RMs. The
low, negative values at day 14 p.i. reflect the early outgrowth
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of a single variant from an SI-containing multiple distinct
variants (or alleles) of this region of env. Following this
restriction, a succession of amino acid substitutions in
the replicating viral populations occurs between days 14
and 70. This increase in the number of adaptive events in
the RM virus populations is significant (fig. 2B; Spearman’s
rank correlation, P , 0.05) and, due to its occurrence
before the development of strong nAb responses, is most
likely the result of virus adaptation to divergent host cell
receptors or target cell subsets. The subsequent decrease in
adaptive events in RMs between days 70 and 100 reflects
the outgrowth of viral variants more representative of the
SI and presumably better able to escape emerging humoral
immune responses. That virus populations in the SMs do
not deviate significantly from the allelic distribution seen
in the SI until after day 70 further supports the notion that
humoral immune pressures first develop between day 70
and 100 in these infected animals and select for particular
variants resulting in the observed increase in the number
of adaptive events at day 100.

SIVsm Populations Adapting to RMs Are More
Significantly Diverged from the SI than Viruses
Replicating in SMs

To further elucidate temporal changes in the allelic
structure of host-specific virus populations and to compare
differences in viral divergence between host species, we
built Bayesian phylogenetic trees of every SIVsm isolate
within individual animals and the SI (fig. 3). The general
placement of time points within each full Bayesian tree
is highly consistent with our previous analyses (Demma
et al. 2005). As before, almost all of the day 10 and day
14 RM isolates cluster with SI variants 3, 6, 14, 23, 27,
and 29 (clade outlined in red on each tree), whereas the con-
temporaneous SM isolates are well distributed across the
major clades. The relatively wider distribution of day
100 RM clones reflects the later reemergence of variants
more closely related to the SI and are probably indicative
of the onset of effective nAb responses. Strikingly, though,
the majority of day 70 variants in both RMs fall into either
1 clade (fig. 3 RHt) or 2 clades (fig. 3, RZw). This ap-
parent selection for distinct variants at day 70 may be at
least partially responsible for the increase in RM-specific
adaptive events noted earlier.

To characterize the overall divergence of the viral pop-
ulations replicating in the newly infected animals from each
other, patristic distance matrices were calculated from the
Bayesian trees using PATRISTICv1.0 (Fourment and
Gibbs 2006), and the average distance of each SI variant
from its closest non-SI variant was determined within each
species. Viruses establishing infection in the RMs are sig-
nificantly more diverged from the SI than those replicating
in the SMs (0.469 vs. 0.374; Student’s t-test, P , 0.005).
Additionally, the proportion of SI variants whose nearest
neighbor is another SI variant is significantly greater in
the RMs than in SMs (0.707 vs. 0.414; normal approxima-
tion of the binomial, P , 0.0005). Taken together, these
data suggest that in addition to overall differences in
the allelic structure of the SIVsm populations between
the 2 host species, the viruses replicating in RMs are

significantly more diverged from the SI than viruses repli-
cating in the newly infected SMs.

RM-Specific Amino Acid Substitutions in V2 Mediate
SIVsm Adaptation to This New Host in the Absence of nAb
Responses

To identify specific amino acid sites that may be re-
sponsible for the disparate evolutionary patterns of viruses
replicating in the 2 monkey species, we applied 3 site-by-
site analyses to detect particular codons under selection.
Due to the difficulties inherent in identifying newly selected
mutations on the genetic background of a diverse virus
population that already bears the mark of strong immune
selective pressures (Demma et al. 2006), we applied 1)
a phylogenetic based method to identify specific amino acid
changes and the virus subpopulations in which they occur,
2) an analysis of the site-by-site amino acid frequencies to
understand the selective changes occurring at each site, and
3) a model of codon substitution to both elucidate the ge-
netic signature of selection in the donor and evaluate the
robustness of such models in the context of such a complex
selective background.

The phylogenetic method involved mapping amino
acid substitutions at each individual site onto each animal’s
full-infection phylogenetic tree through day 100 p.i. The
average number of amino acid changes per animal, cumu-
lative across the sequence, is much greater in RMs (147)
than in SMs (106), consistent with our previous findings
(Demma et al. 2005) of an overall greater number of non-
synonymous substitutions in the RMs (supplementary fig-
ure 1, Supplementary Material online). We then classified
sites within animals as being under selection based on cri-
teria laid out in Sheridan et al. (2004). Despite some var-
iation among sites and species in the temporal pattern of
evolution, the sites under selection are largely the same be-
tween RMs and SMs and are primarily located in V1. In-
terestingly, the 3 sites (80, 81, and 105) found to be under
selection exclusively in the RMs were also under selection
between days 40 and 100 p.i., the same interval over which
the virus populations only in the RMs underwent multiple
adaptive events (fig. 4). Thus, it is likely that amino acid
substitutions or changes in the relative abundance of amino
acid polymorphisms at each of these sites mediate SIVsm
adaptation to this new host.

The second method by which we identified amino acid
sites under selection involved following changes in the fre-
quency of the consensus amino acid at each site over time
(fig. 4 and supplementary fig. 2, Supplementary Material
online). This method allows the detection of fluctuations
in the relative abundance of existing and de novo amino
acid polymorphisms at individual codons. Sites exhibiting
large fluctuations (.20% shifts) in amino acid composition
were identified as being under directional selection and thus
most likely represent specific adaptations to the RMs. Over-
all, a much larger number of amino acid positions were
identified as being under RM-specific selection pressures
than in the analysis of phylogenetic substitutions (fig. 4).
The sites not identified in previously discussed analyses
(sites 45, 53, 56, 57, and 59) are focused at the C terminus
of the V1 loop and are selected for primarily at days 10 and
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14 p.i. That these amino acid positions were highly poly-
morphic in the SI (see fig. 1) and are under selection con-
temporaneously with the RM-specific restriction in viral
diversity at the peak of acute infection suggests that they
are selectively neutral and that changes in the relative abun-
dance of these amino acid residues reflect selection at
closely linked sites (i.e., N-glyc site at position 30/32).

The consensus amino acid frequencies at sites 30,
32, 80, 81, 104, and 105 (supplementary fig. 2A, B, E–H,
Supplementary Material online) all illustrate various
RM-specific patterns of selection, whereas sites 41 and 42
(supplementary fig. 2C–D, Supplementary Material online)
demonstrate no species-specific adaptive pattern. Of the 6
RM-specific adaptive sites, 4 are part of N-glyc motifs (sites
30, 32, 104, and 105; see fig. 1). Selection at sites 30 and 32
represent the RM-specific loss of 1 N-glyc motif at day 10
and 14 p.i. previously identified (Demma et al. 2005). Al-
though this N-glyc site remains absent or at low levels until
day 100, the viral populations in the RMs continue to adapt
to the new host environment through changes in consensus
amino acid frequencies at 2 specific loci: the highly charged
region of V2 (sites 80 and 81) and another N-glyc site (sites
104 and 105). Interestingly, the polymorphism at site 105
(Ser to Asn) causes a 2–amino acid, C-terminal shift in an
N-glyc site (see fig. 1). Taken together, these data demon-
strate a continued strong selection pressure during the post-
acute phase of infection for specific variants, presumably
better adapted to the divergent cellular and genetic environ-
ment of the RMs.

Comparing dN and dS at Individual Codons Does Not
Discriminate Recent Episodes of Positive Selection in the
Newly Infected Host from Potentially Adaptive Sites
Generated by the Immune Responses of the Donor Host

Most of the polymorphisms under selection at any
given time point in our experimentally infected animals

were already present in the SI as demonstrated by consen-
sus amino acid frequencies at the day 0 time point (fig. 4;
see also fig. 1). This phenomenon not only underscores the
importance of viral diversity within donor animals for the
potential success of cross-species virus transmission but
may also obscure the interpretation of more traditional
site-by-site likelihood analyses of codon substitution. The
large number of viruses (1 3 106) inoculated into our
experimentally infected animals ensures that the signatures
of selection on the virus population in the SI animal will
be transmitted as well. Thus measurements of the numbers
of nonsynonymous and synonymous substitutions (per
nonsynonymous and synonymous site, respectively) early
in the course of infection will mainly reflect selection biases
predating the inoculation of our experimental animals.
These sites should be easily identified as those either unac-
companied by changes in relative amino acid abundance
or those which are under positive diversifying selection in
both species. It is therefore necessary to compare the ability
of codon substitution models to identify RM-specific sites
under selection with our other sitewise analyses.

Interestingly, the distribution of sites under selec-
tion (fig. 4) is similar to our previous analyses here and
elsewhere (Demma et al. 2005). Specifically, the V1 loop is
under strong positive selection in both RMs and SMs,
although fewer sites were evolving under positive selection
in RM-specific virus populations than in the SMs. How-
ever, the SM-specific positively selected sites (sites 34,
36, and 38) were not well supported by our other analyses.
In contrast, only 1 site (104) out of the 5 (sites 80, 81, 84,
102, and 104) identified to be evolving under positive se-
lection in V2 was also detected in SMs. Two of these sites
(site 84 and 102) were not identified in any other analysis,
and therefore, differences between the estimated numbers
of nonsynonymous and synonymous substitutions likely
predated this infection experiment. Finally, the codon identi-
fied in the 2 previous site-by-site analyses, which is

FIG. 1.—SIVsm env V1V2 is highly diverse in the plasma of the naturally infected SM used for experimental inoculation of SMs and RMs. All 29 SI
sequences were aligned and summarized using WebLogo (http://weblogo.berkeley.edu). The relative height of each amino acid letter designation at any
given site represents their frequency, whereas the overall height of the column indicates the amount of information contained at that site. Unnumbered
amino acid sites were excluded from all analyses due to the presence of gaps. Putative N-linked glycosylation motifs (NXS/T) are represented in gray.
Underlined N-linked glycosylation motifs were not present in the majority of sequences sampled from the RMs at day 14 p.i. Sites labeled with a filled star
were found to be under selection in both the RMs and the SMs. Sites labeled with an open star were found to under RM-specific selection pressures.
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responsible for a RM-specific increase in the frequency of the
C-terminally shifted N-glyc motif, site 105, was not identified
as positively selected in this analysis.

Discussion

Here we describe in detail the selective processes
accompanying the cross-species transmission of a very
diverse SIVsm virus inoculum derived from an endemically
infected natural host (SM) to a nonnatural host (RM).
By applying several evolutionary analyses to serially sam-
pled virus populations for the first 100 days of infection,
we have been able to identify the amino acid positions
responsible for the continued adaptation of a diverse SIVsm
inoculum to the new RM cellular and genetic environment.
The polymorphisms mediating this adaptation were already
present in the SI and primarily alter the density and position
of N-glyc sites on the virus envelope. In addition, we also
demonstrate the utility of a multifaceted approach to study-
ing viral sequence evolution, which combines complex
phylogenetic methods and simple intuitive analyses to iden-
tify and discriminate between sites that were selected for in
the SM reservoir host from those that have only recently
come under selection in the new RM host.

The env V1V2 sequence variants we describe here are
not completely novel. Alignment of our SIVsm env clones
from day 70 p.i. with the same region of several common
SIV clones from the Los Alamos HIV sequence database
(http://www.hiv.lanl.gov) reveals that the same shift in
the N-glyc site at position 105 observed in our RMs is also
found in most of these RM-adapted isolates (fig. 5). Be-
cause all of the sequences obtained from the database were
the result of one or several accidental transmissions from
SMs to RMs of a single SIVsm subtype (8) only recently
described (Apetrei et al. 2005, 2006), we cannot rule out the
alternative hypotheses that this site is not polymorphic in
the SIVsm subtype-8 envelope or that this polymorphism
was fixed in RMs due to an extreme bottleneck upon trans-
mission. Regardless, it is probably not entirely coincidental
that these subtype-8 viruses were the first to be described
infecting RMs because SMs infected with other lineages of
SIVsm were used in the experiments now thought to have
facilitated the first SIV transmission to RMs but did not en-
gender persistent infection of RMs (Apetrei et al. 2006).

Of all the loci identified here as sites under RM-
specific selection, the C-terminal shift in an N-glyc site
caused by a polymorphism at site 105 is the most intriguing.
Although this shift is transient (supplementary fig. 2H, Sup-
plementary Material online), it does occur early in infection
during the brief window (through day 100) in which nAb
responses, the primary immunological selection pressure
on env (Frost et al. 2005), are thought to be low or absent
(Rybarczyk et al. 2004). Thus, preferential expansion in the
RMs of viruses encoding this shifted N-glyc site as well as
amino acid residues at sites 80 and 81 strongly suggests
that these mutations are specific adaptations to the divergent
RM genetic and cellular environment, as opposed to adap-
tations to new host immune responses. The partial reversion
of this N-glyc site to its N-terminal position beyond day 70
p.i. is due to the reemergence of the presumably more immu-
nologically evasive variants containing both of the N-glyc
sites in V1 at amino acid positions 30 and 42 (see fig. 1).
The lack of linkage between the C-terminally shifted N-glyc
site polymorphism in V2 and the V1 loop variants containing
both N-glyc sites among all the viruses sampled in our study
suggests that this adaptation in V2 may actually be disadvan-
tageous in the presence of a highly glycosylated V1.

Even though effective nAb responses are likely low or
nonexistent prior to day 100 p.i., it is possible that immune
cell populations may be at least indirectly responsible for
these changes in V1V2 allelic structure. It has recently be-
comeapparent that acute HIV infection ofhumans (Brenchley
et al. 2004; Mehandru et al. 2004) and SIV infection of
RMs (Li et al. 2005; Mattapallil et al. 2005) and now
SMs (Silvestri G, personal communication) is associated
with a massive depletion of a specific memory CD41T-cell
subset from mucosal tissues caused by a combination of
virus- and cytotoxic T lymphocyte-induced cytopathicity
(Mattapallil et al. 2005; Regoes et al. 2004). Preferential de-
pletion of this T-cell subset during the early stages of lenti-
viral infection identifies them as a primary target cell
reservoir in both pathogenic and nonpathogenic hosts. Ulti-
mately, this profound change in the number and type of target
cells could have important consequences for SIVsm viral
population structures in the early stages of infection.

FIG. 2.—SIVsm undergoes multiple adaptive events in RMs but not
SMs during the early postacute phase of infection. (A) The number of adap-
tations occurring in SIVsm populations infecting both RMs and SMs
through day 100 p.i. (B) The rate of increase in adaptive events over time
occurring in RM-specific SIVsm populations between days 14 and 70 p.i.
is significantly greater than 0, whereas the slight decrease in adaptive
events among SMs is indistinguishable from 0 (Spearman’s rank correla-
tion, P , 0.05).
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More likely, however, is the possibility that the
changes we observe in SIVsm viral populations are adap-
tations to the divergent immune cellular environment of the
RMs. It has recently been reported (Pandrea et al. 2006) that
a number of well-studied natural nonpathogenic SIV hosts,
including SMs, exhibit far lower levels of CCR5 on these
same mucosal memory CD41 T cells than what is typically
seen in nonnatural pathogenic hosts, like humans and RMs.
The authors hypothesize that this could be a convergent
evolutionary mechanism for ameliorating the pathogenic
effects of lentiviral infection of many African nonhuman
primates although not explicitly preventing host-to-host
spread of the virus. However, the fact that the level of vi-

remia (Broussard et al. 2001; Goldstein et al. 2005) and the
rate of infected target cell turnover (Ho et al. 1995; Mohri
et al. 1998) (Silvestri G, personal communication) are sim-
ilar in both pathogenic and nonpathogenic hosts suggests
that SIVs replicating in their natural hosts may be better
able to use multiple chemokine coreceptors to facilitate en-
try into a broader array of short-lived target cells than their
counterparts infecting pathogenic hosts. Whether this
dearth of CCR5 expression in natural hosts results in lower
levels of SIV infection of memory CD41 T cells or is sim-
ply a hallmark of the lower level of immune activation seen
in the natural hosts, this phenomenon underscores the dra-
matic difference between SMs and RMs in their immune

FIG. 4.—Summary of the amino acid sites found to be under selection for all 3 site-by-site analyses. Analyses are partitioned by analysis then by
species and then by time point. Gray boxes indicate selection at that site and time point. ‘‘1’’ or ‘‘�’’ symbols indicate the presence of positive or purifying
selection, respectively, as determined by the maximum likelihood analysis of dN and dS (P, 0.25, likelihood ratio test). Sites with gray forward hatching
indicate the sites in V2 found to be under selection in a majority of the analyses. Sites with gray backward hatching are the sites in V2 found to be under
positive selection by only the likelihood method.

FIG. 3.—SIVsm populations adapting to RMs are distinct from those in SMs. Bayesian phylogenetic trees of all variants sampled from each in-
dividual animal and the SI. FCo, FGu, and FLn are the SMs, and RHt and RZw are the RMs. Time points sampled from individually inoculated animals are
represented by colored squares. The SI is represented by green triangles, and each variant is numbered. The clade containing the 6 SI variants from which
most of the day 14 RM variants are descended is outlined in red. The node on which trees were rooted to determine the ancestral sequence for inferring
substitutions is indicated with a light green circle.
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cell phenotype and thus their target cell landscape. It will be
important to investigate the ability of the specific adapta-
tions identified in this and previous studies (Demma
et al. 2005) to allow the SIVsm envelope to utilize the di-
vergent RM CD4 receptor as well as the various RM che-
mokine coreceptors that can mediate virus entry into target
cells.

Supplementary Material

Supplementary figures 1 and 2 are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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