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Abstract

SIVsmmFGb is a lentivirus swarm that induces neuropathology in over 90% of infected pigtailed macaques and
reliably models central nervous system HIV infection in people. We have previously studied SIVsmmFGb
genetic diversity and compartmentalization during acute infection, but little is understood about diversity and
intertissue compartmentalization during chronic infection. Tissue-specific pressure appeared to affect the di-
versity of Nef sequences between tissues, but changes to the Env V1 region and Int diversity were similar across
all tissues. At 2 months postinfection, compartmentalization of the SIVsmmFGb env V1 region, nef, and int was
noted between different brain regions and between brain regions and lymph nodes. Convergent evolution of the
nef and env V1 region, and divergent evolution of int, was noted between compartments and all genes dem-
onstrated intratissue temporal segregation. For the env V1 region and nef, temporal segregation was stronger in
the brain regions than the periphery, but little difference between tissues was noted for int. Positive selection of
the env V1 region appeared in most tissues at 2 months postinfection, whereas nef and int faced negative
selection in all tissues. Positive selection of the env V1 region sequences increased in some brain regions over
time. SIVsmmFGb nef and int sequences each saw increased negative selection in brain regions, and one lymph
node, over the course of infection. Functional differences between tissue compartments decreased over time for
int and env V1 region sequences, but increased for nef sequences.

Introduction

As of December 2007, approximately 33.2 million people
worldwide were estimated to be infected with HIV.1–4

Although the immunological and lymphocytic aspects of in-
fection have been extensively studied, the central nervous
system (CNS) represents another site of viral pathogenesis.
HIV-associated neurocognitive disorders (HAND) are a
group of neurological complications caused by direct or in-
direct viral mechanisms3,5–7 that affect one-third to two-thirds
of AIDS patients,3,5,8 with a 6-month mortality rate of 67%.9,10

A common animal model for HIV studies is simian immu-
nodeficiency virus (SIV), a primate lentivirus originally de-
rived from sooty mangabeys, which induces a disease similar
to human AIDS in infected pigtailed macaques.4,6,11,12 This
model is applicable to neuropathogenesis studies13,14 as

infected animals develop SIV encephalitis upon immunosup-
pression and the development of simian AIDS.11,15,16 Replic-
able studies with this model are difficult, however, as most
SIV strains induce neuropathology in only 25–40% of infected
macaques.5,6 Our studies use a reliably neuropathogenic virus
strain, SIVsmmFGb, which is neurovirulent in 90–100% of
pigtailed macaques.6 Characterization of SIVsmmFGb re-
vealed that this virus is a largely CCR5-tropic swarm rather
than a single genetic strain.7,17 As HIV-1 is also a quasispecies
in vivo,18,19 SIVsmmFGb could model infection of the primate
brain by this genetically diverse, neuropathogenic lentivirus,
without the complexities associated with using multiple virus
strains.

In our previous study with SIVsmmFGb, we analyzed the
genetic diversity and compartmentalization of the env V1 re-
gion and the nef and int genes in the CNS and lymph nodes of
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pigtailed macaques after initial tissue seeding at 1 week
postinfection (w.p.i.).17 In that study, we elucidated the ge-
netic composition of our SIVsmmFGb stock virus quasis-
pecies and found that initial seeding of the CNS and
peripheral lymphoid tissues reduces the diversity of Env V1
region and integrase amino acid sequences in all tissues, but
that changes in the diversity of Nef varied between tissues. In
addition, we discovered that all three SIVsmmFGb genes
formed separate genetic compartments between different re-
gions within the brain and between the brain regions and the
peripheral lymph nodes. For the env V1 region, positive se-
lection was found to play some role in the development of
intertissue compartmentalization, whereas negative selection
was found to be a factor in the compartmentalization of nef
and int.

In that study, we chose to analyze the env V1 region, nef,
and int sequences harvested from the CNS at 1 w.p.i., as ac-
tively replicating virus is present in many regions of the brain
at this early timepoint.20,21 Whereas sequences harvested at
1 w.p.i. represent the virus that initially seeds the tissues, viral
load setpoints have yet to be established and the virus is still
undergoing active replication.16,20,22–24 With continued rep-
lication, the virus may potentially acquire additional muta-
tions and, perhaps, evolve differently in each tissue due to
variations in selective pressure between compartments. Other
studies have shown that SIV replication in the brain is sup-
pressed by 3 w.p.i. and actively replicating virus cannot be
detected again in the CNS until over 9 w.p.i.16,20,25 During
this time of heavily suppressed replication, we would not
expect the virus to accumulate any more mutations or un-
dergo further evolution.

For this follow-up study, we harvested sequences from the
peripheral lymph node tissues and different regions of the
brain at 2 months postinfection (m.p.i.) during viral latency
in the CNS. Sampling at this timepoint allows for analysis of
the genetic diversity and compartmentalization of the
SIVsmmFGb envelope (env, Env) V1 region, nef (nef, Nef ),
and integrase (int, Int) genes following the establishment of
viral setpoints and suppression of replication in the CNS. We
analyzed the diversity of the SIVsmmFGb envelope (env, Env
V1), nef (nef, Nef ), and integrase (int, Int) sequences harvested
from the CNS and lymphoid tissues of infected pigtailed
macaques at 2 m.p.i. and compared this diversity to those
genes in our SIVsmmFGb stock virus. We also investigated
whether intertissue genetic compartmentalization of the
SIVsmmFGb env V1 region, nef, and int sequences was present
at 2 m.p.i. In addition, we analyzed changes in intertissue
compartmentalization of the SIVsmmFGb genes over the
course of infection by comparing our results to those obtained
from our previous analyses of viral sequences harvested at
1 w.p.i.17

Materials and Methods

Animal inoculation and tissue harvesting

Six juvenile pigtailed macaques from the Yerkes National
Primate Research Center were inoculated intravenously with
100 TCID50 of SIVsmmFGb stock virus, produced as de-
scribed previously.6 Each animal was inoculated and pro-
cessed individually, with a triaging protocol used during
necropsy to reduce variability and ensure tissue collection

from matching anatomic sites. All macaques were euthanized
at 2 m.p.i. by a barbiturate overdose and were extensively
perfused with saline to prevent contamination of the CNS
tissues by the blood. Samples of blood and cerebrospinal fluid
(CSF) were harvested prior to sacrifice for the analysis of viral
loads and for other studies. Tissue samples were collected
from the axillary lymph node, mesenteric lymph node, basal
ganglia, midfrontal cortex, hippocampus, and cerebellum of
each animal, and the samples were quick-frozen on dry ice
and stored at �808C.

DNA extraction and preparation

Small segments were removed from each tissue sample
with sterile scalpels, working on ice to minimize tissue de-
composition. The excised fragments were placed in cell lysis
buffer containing 0.1 M NaCl, 10 mM Tris, pH 8.0, 25 mM
EDTA, 0.5% SDS, and ddH2O and then homogenized with a
1.0-ml syringe plunger. The samples were treated with 50mg
proteinase K, incubated overnight at 558C, and periodically
mixed by vortexing. The samples were then brought to room
temperature and the DNA harvested by a sequential extrac-
tion with Tris-saturated phenol, phenol:chloroform:isoamyl
alcohol (25:24:1), chloroform, and 100% ethanol. The resulting
DNA was pelleted by a 15,000-rpm centrifugation for 30 min
at 48C, washed three times with 70% ethanol, air dried, and
resuspended in ddH2O. The concentration of all DNA sam-
ples was quantified using a UV spectrophotometer and the
samples were stored at �208C.

PCR amplification of SIVsmmFGb genes
from tissue-derived proviral DNA and cloning strategy

The env V1 region, nef, and int genes were amplified from
tissue proviral DNA by nested polymerase chain reaction
(PCR) with primers described previously17 using an Expand
High Fidelity PCR System kit (Roche), according to the
manufacturer’s protocol. These PCR products were purified
on 0.9% (env) or 1.2% (nef, int) agarose gels, extracted with a
QIAquick Gel Extraction Kit (Qiagen), and then ligated into
the pGEM-T Vector System I (Promega). After 24 h of incu-
bation at 48C, ligations were transformed into Invitrogen
ElectroMAX DH10B Escherichia coli cells (recA1, endA1) ac-
cording to the manufacturer’s protocol. Single bacterial colo-
nies were used to prepare plasmid DNA containing the viral
gene inserts, according to standard techniques. Approxi-
mately 2 mg of each p-GEM-T vector=gene insert-positive
sample was sent to MWG Biotech for sequencing (MWG Se-
quencing, Huntsville, AL). The sequencing reactions were
performed using pGEM-T vector-specific sequencing primers
described previously.17

DNA sequence analysis

The SIVsmmFGb gene sequences were analyzed with Edit-
Seq in the DNAStar v7.1.0 software package (Lasergene) and
the following sequences were discarded: poor reads, junk se-
quences, incomplete nef and int sequences, nef and int clones
with deletions or insertions, and env sequences that did not
span the complete V1 region. Valid clones were copied into
MegAlign in DNAStar v7.10 (Lasergene), translated into amino
acid sequences, and those clones with premature stop codons
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were discarded. At least 20 valid clones for each gene were
recovered from each tissue, from each experimental animal.

Tissue-isolated viral gene sequence alignment
and grouping

Sequences for the env V1 region, nef, and int were harvested
from the SIVsmmFGb stock virus and each gene was broken
into groups as described.17 Valid amino acid sequences, de-
termined for each gene from each tissue in each experimental
animal, were aligned with the stock virus subgroup con-
sensuses for that gene via the Clustal W method in MegAlign.
These alignments were exported to PAUP* 4.0b10 and
neighbor-joining phylogenetic trees were generated, using
both distance- and parsimony-based analyses, with no dif-
ferences noted between the two methods (data not shown).
The sequences isolated from the tissues were sorted into
groups defined by the stock virus analysis and the mean
prevalence of each sequence group in each tissue across all
animals was determined as described.17 The mean prevalence
of each sequence group in the tissues of the animals sacrificed
at 2 m.p.i. was compared statistically to the prevalence of that
group in the SIVsmmFGb stock virus17 using the Mann–
Whitney rank-sum test in SigmaStat Demo 2.03 software
(Systat). The prevalence of each sequence group was pooled
for all regions of the brain and all lymph node tissues and then
averaged to determine the mean prevalence for each sequence
group in the CNS and in the lymphoid tissues. The mean
prevalences of each group in the lymph node and brain pools
were then compared statistically using the Mann–Whitney
rank sum test. These values were also compared to the
prevalence of each sequence group in the SIVsmmFGb stock
virus. The Mann–Whitney test was used due to the non-
normal distributions of group prevalence between animals as
well as the unequal variance between groups from the stock
virus and those from the tissues. Those Mann–Whitney
comparisons with a p-value less than or equal to 0.05 were
considered statistically significant.

Phylogenetic and phenetic compartmentalization
analyses

The phylogenetic compartmentalization of the Env V1 re-
gion, Nef, and Int amino acid sequences between each of the
six tissues was analyzed using a modified Slatkin–Maddison
test, as described elsewhere.17,26,27 Compartmentalization of
sequences between a pair of tissues was considered significant
if the ratio of the global mean bootstrap s, where s is the least
number of evolutionary steps for a ‘‘tissue of origin’’ character,
to the global mean random s was at least two standard errors
less than 1.26,28 This procedure was repeated for every pos-
sible two-tissue comparison for each of the three viral genes.
All sequences for each gene, harvested from each tissue at
2 m.p.i., were aligned with all sequences harvested from the
same tissue at 1 w.p.i.17 using the Clustal W method in
MegAlign. A modified Slatkin–Maddison test was then per-
formed on each of these alignments as described.17,26,27

Compartmentalization of sequences within a tissue over time
was considered significant if the ratio of the mean bootstrap s
value, where s is the least number of evolutionary steps for a
‘‘timepoint’’ character, to the mean random s value was two
standard errors less than 1.26,28

The phenetic compartmentalization of env V1, nef, and int
nucleic acid sequences between each of the six tissues at
2 m.p.i. was compared using a Mantel’s test, as described
elsewhere.17,26–28 The null hypothesis, of no compartmental-
ization between tissues, was rejected for p-values of less than,
or equal to, 0.05.

Synonymous and nonsynonymous
substitution analysis

The selective pressure on the env V1 region, nef, and int in
each tissue compartment was analyzed by determining the
synonymous (dS) and nonsynonymous (dN) nucleotide sub-
stitution rates, as well as the ratio of dS to dN. The mean dS

and mean dN values for each sequence of each gene, from
each tissue harvested at 2 m.p.i., were determined relative to
the SIVsmmFGb stock virus consensus sequence for that
gene, as previously described.17 The mean dS and mean dN

values for each tissue were used to generate the dS=dN ratio
value for each gene in each tissue, across all experimental
animals. The Mann–Whitney rank sum test was used to
compare the mean dS, mean dN, and dS=dN ratio values be-
tween tissues and to compare the mean dS and mean dN

values within each tissue. Those Mann–Whitney compari-
sons with p-values of less than, or equal to, 0.05 were con-
sidered statistically significant.

Results

Diversity of Env V1 region, Nef, and Int amino acid
sequences, isolated from pigtailed macaque brain regions
and lymph node tissues at 2 months postinfection,
compared to the SIVsmmFGb stock virus and
sequences harvested 1 week postinfection

In our previous study, we determined that four groups
of Env V1 region, two groups of Nef, and three groups of
Int amino acid sequences were present in our SIVsmmFGb
stock virus.17 We also analyzed how the prevalence of each
group of each gene changed after 1 w.p.i. in the pigtailed
macaque host.17 Here, we were interested in determining how
the prevalence of those amino acid sequence groups, har-
vested from infected pigtailed macaques at 2 m.p.i., compared
to the prevalence of those groups in the SIVsmmFGb stock
virus. For the Env V1 region (Fig. 1), the prevalence of se-
quence groups 1 and 2 decreased in the basal ganglia, com-
pared to the SIVsmmFGb stock virus, whereas group 4 saw an
increase in prevalence in this region of the brain. The hippo-
campus had a reduced prevalence of Env V1 region sequence
groups 2 and 3, compared to the stock virus. An increase in
the prevalence of Nef sequence group 1, and a decrease in the
prevalence of group 2, was noted in the axillary lymph node,
midfrontal cortex, and hippocampus (Fig. 2). The Int se-
quence group 1 prevalence increased in the basal ganglia,
midfrontal cortex, and hippocampus, compared to the stock
virus (Fig. 3). The prevalence of Int sequence group 2 de-
creased in the cerebellum, midfrontal cortex, and hippo-
campus, whereas the prevalence of group 3 decreased in the
basal ganglia.

We also compared the average group prevalence for the
Env V1 region, Nef, and Int in pooled CNS region sequences
to mean group prevalence in the stock virus and the pooled
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lymph node tissue sequences. Env V1 region sequence group
4 demonstrated an increased prevalence in the pooled CNS
sequences, whereas groups 1–3 decreased, compared to the
SIVsmmFGb stock virus (Fig. 4A). Env V1 region sequence
group 1 and 2 prevalence was lower in the CNS than

the lymph nodes, whereas the presence of group 4 was
higher in the CNS. For Nef, the presence of sequence group 1
was lower in the pooled CNS sequences, compared to the
stock virus, with a corresponding increase in the prevalence
of group 2 (Fig. 4B). The prevalence of Nef group 1 increased

FIG. 1. Comparison of Env V1 region group percentages between SIVsmmFGb stock virus and tissues harvested from
pigtailed macaques at 2 m.p.i. Env V1 region amino acid sequences obtained from the SIVsmmFGb stock virus were aligned
and grouped as previously described.17 Env V1 amino acid sequences from tissues harvested at 2 m.p.i. were grouped as
described in Materials and Methods. The percentage of sequences in each group from each tissue was determined for each
animal and averaged to yield a mean percentage for each group in each tissue across all animals. The percentage of each
group in the SIVsmmFGb stock virus was compared statistically to the mean percentage of each group in the tissues using the
Mann–Whitney rank sum test. Statistically significant differences ( p< 0.05) are noted. Error bars represent 1 standard error.
Results are for Env V1 region sequences from the (A) axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal
cortex, (E) hippocampus, and (F) mesenteric lymph node.
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in the pooled lymph node sequences, compared to the
stock virus, whereas the prevalence of group 2 declined. Int
sequence groups 2 and 3 had a lower prevalence in the
pooled CNS sequences compared to the SIVsmmFGb stock
virus, but the prevalence of group 1 was higher in the CNS

pool (Fig. 4C). The level of Int group 2 was lower in the
lymph node pool relative to the stock virus. There was no
significant difference seen in Nef or Int sequence group
prevalence between the CNS and lymph node sequence
pools.

FIG. 2. Comparison of Nef group percentages between SIVsmmFGb stock virus and tissues harvested from pigtailed
macaques at 2 m.p.i. Nef amino acid sequences obtained from the SIVsmmFGb stock virus were aligned and grouped as
previously described.17 Nef amino acid sequences from tissues harvested at 2 m.p.i. were grouped as described in Materials
and Methods. The percentage of sequences in each group from each tissue was determined for each animal and averaged to
yield a mean percentage for each group in each tissue across all animals. The percentage of each group in the SIVsmmFGb
stock virus was compared statistically to the mean percentage of each group in the tissues using the Mann–Whitney rank sum
test. Statistically significant differences ( p< 0.05) are noted. Error bars represent 1 standard error. Results are for Nef
sequences from the (A) axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus, and
(F) mesenteric lymph node.
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The prevalence of each sequence group, for each gene in
each tissue, was also analyzed in the experimental animals
individually. Five of the six animals sacrificed at 2 m.p.i. had
group 4 as the predominant Env V1 region group in all tissues
analyzed, whereas the most prevalent group in animal PHt1

varied between tissues (Supplemental Fig. 1; see www
.liebertonline=aid). For Nef, group 1 sequences were pre-
dominant in the lymph nodes, the midfrontal cortex, and the
hippocampus of all six animals, as well as in the basal ganglia
and cerebellum of most animals (Supplemental Fig. 2; see

FIG. 3. Comparison of Int group percentages between SIVsmmFGb stock virus and tissues harvested from pigtailed
macaques at 2 m.p.i. Int amino acid sequences obtained from the SIVsmmFGb stock virus were aligned and grouped as
described.17 Int amino acid sequences from tissues harvested at 2 m.p.i. were grouped as described in Materials and Methods.
The percentage of sequences in each group from each tissue was determined for each animal and averaged to yield a mean
percentage for each group in each tissue across all animals. The percentage of each group in the SIVsmmFGb stock virus was
compared statistically to the mean percentage of each group in the tissues using the Mann–Whitney rank sum test. Statis-
tically significant differences ( p< 0.05) are noted. Error bars represent 1 standard error. Results for Int sequences are from the
(A) axillary lymph node, (B) basal ganglia, (C) cerebellum, (D) midfrontal cortex, (E) hippocampus, and (F) mesenteric lymph
node.

668 REEVE ET AL.



www.liebertonline.com=aid). Although Int group 1 was
generally the most prevalent sequence group, four animals
had group 3 dominant, or at similar levels to group 1, in
at least one lymphoid tissue or brain region (Supplemental
Fig. 3; see www.liebertonline.com=aid).

Phylogenetic compartmentalization analysis of Env V1
region, Nef, and Int amino acid sequences isolated from
pigtailed macaque brain regions and lymphoid tissues 2
months postinfection

We utilized two methods of analysis to examine the com-
partmentalization of the Env V1 region, Nef, and Int se-
quences obtained from the various tissues. The first test, the
modified Slatkin–Maddison test, is a phylogenetic method of
compartmentalization analysis. Based on the results of this
analysis, the Env V1 region amino acid sequences from each
region of the brain compartmentalized separately from all
other CNS regions and from the lymph nodes, but compart-
mentalization between the lymph nodes did not appear
(Fig. 5A). Similar results were found for the Nef (Fig. 5B) and
Int (Fig. 5C) sequences. The Env V1 and Int sequences had a
similar degree of compartmentalization, with average s ratio

values of 0.61, whereas Nef sequences had the strongest
compartmentalization, with an average s ratio of 0.42.

Phenetic compartmentalization analysis of Env V1
region, Nef, and Int nucleotide sequences isolated from
pigtailed macaque brain regions and lymphoid tissues 2
months postinfection

The second test we used to investigate the compartmen-
talization of Env V1 region, Nef, and Int sequences was the
Mantel’s test, a phenetic method of analysis. Table 1 sum-
marizes the Mantel’s test results on each of 15 two-tissue
comparisons of env V1 region, nef, and int nucleotide se-
quences from all experimental animals. This summary table
indicates the number of animals in the cohort that had sta-
tistically significant compartmentalization of the env V1 re-
gion, nef, or int by Mantel’s test in each of the intertissue
comparisons. Due to the size of the data sets, a full listing of
Pearson’s correlation coefficients and p-values for the env V1
region, nef, and int nucleotide sequences can be found in
Supplemental Tables 1–3 (see liebertonline.com=aid). The env
V1 region sequences obtained from each region of the CNS
compartmentalized separately from the other brain regions,

FIG. 4. Comparison of sequence group percentages between the SIVsmmFGb stock virus and sequences harvested from the
CNS and lymph node at 2 m.p.i. Amino acid sequences for all three genes obtained from the SIVsmmFGb stock virus were
aligned and grouped as described.17 Amino acid sequences for the (A) Env V1 region, (B) Nef, and (C) Int harvested from
tissues at 2 m.p.i. were grouped as described in Materials and Methods. Sequence group percentages for all CNS tissues from
all animals were averaged to yield a mean percentage for each group in the CNS, with a similar procedure conducted for
lymph node-derived sequences. The percentage of each group in the SIVsmmFGb stock was compared statistically to the
mean group percentage in CNS and lymph nodes using the Mann–Whitney rank sum test. A similar comparison was
performed between the means of the CNS and lymph node pools. Statistically significant differences ( p< 0.05) are noted and
error bars represent 1 standard error.
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and from sequences derived from the lymph nodes, in a ma-
jority of animals. However, the env V1 region sequences from
the basal ganglia compartmentalized separately only from the
axillary lymph node and hippocampus in half of the experi-
mental animals. Compartmentalization of the env V1 region
sequences between the lymph nodes appeared in only one test
animal. For both nef and int, the sequences compartmenta-
lized separately between CNS regions, as well as between the
CNS and the lymph nodes, in a majority of animals. Although
none of the experimental animals demonstrated compart-
mentalization of nef between the lymph nodes, the axillary
and mesenteric lymph nodes of one subject did have com-
partmentalization of int sequences.

Synonymous and nonsynonymous nucleotide
substitution rates of the SIVsmmFGb env V1 region,
nef, and int sequences isolated from pigtailed
macaque brain regions and lymph node tissues
2 months postinfection

To determine whether the env V1 region, nef, and int genes
were undergoing positive or negative selection at 2 m.p.i., we
next analyzed dS and dN for all of the sequences, as well as
the ratio of dS to dN. The env V1 region sequences harvested

from all six of the experimental tissues had significantly
higher dN values than dS values (Fig. 6A), as well as dS=dN ratio
values of less than 1 (Fig. 7A). The basal ganglia-derived env
V1 region sequences had the lowest mean dS value, whereas
the sequences obtained from the cerebellum had a lower av-
erage dS value than those obtained from the midfrontal cortex
and mesenteric lymph node (Fig. 6A and D). The average dS

values of the env V1 region sequences from the mesenteric
lymph node and midfrontal cortex were significantly higher
than the dS values of sequences from the axillary lymph node
and the other brain regions. The lowest mean dN value
appeared for the env V1 region sequences from the hippo-
campus. Although the average dN value of the env V1 region
sequences from the basal ganglia was higher than those in
the hippocampus, it was lower than in both lymph nodes and
the remaining two regions of the CNS. The env V1 region
sequences from the basal ganglia had the lowest mean dS=dN

ratio value, whereas sequences from the cerebellum, axillary
lymph node, and hippocampus all had average dS=dN values
lower than those sequences from the midfrontal cortex
(Fig. 7A and D). The average dS=dN value of the env V1 re-
gion sequences from the mesenteric lymph node was higher
than the mean dS=dN values of sequences from the basal
ganglia, cerebellum, and axillary lymph nodes.

FIG. 5. Phylogenetic analysis of SIVsmmFGb compartmentalization between tissues harvested from pigtailed macaques at
2 m.p.i. (A) Env V1 region, (B) Nef, and (C) Int compartmentalization was determined using a modified Slatkin–Maddison
test as described in Materials and Methods. Error bars represent 2 standard errors of the determined S ratio; significant
compartmentalization between tissues is indicated by ratios more than 2 standard errors less than 1.

670 REEVE ET AL.



For the nef sequences, the mean dS values were significantly
higher than the mean dN values in all tissues and all tissues
had an average nef dS=dN ratio value greater than 1 (Figs. 6B
and 7B). The basal ganglia-derived nef sequences had the
lowest mean dS value, whereas the mean dS value for nef se-
quences from the hippocampus was only higher than the
mean dS value in the axillary lymph node (Fig. 6B and D). The
highest mean dS value was for those nef sequences obtained
from the midfrontal cortex. Those nef sequences obtained
from the cerebellum had the highest mean dN value, whereas
the sequences from the hippocampus and lymph nodes had
the lowest mean dN values. The nef sequences from the basal
ganglia had the lowest average dS=dN ratio, whereas se-
quences from the cerebellum had a mean dS=dN ratio lower
than the lymph nodes and the remaining regions of the CNS.
The highest mean dS=dN value appeared in the nef sequences
from the midfrontal cortex (Fig. 7B and D).

The int sequences also had significantly higher mean dS

values than mean dN values in all six tissues, and average dS=dN

ratios than one (Figs. 6C and 7C), but no differences in mean dS

values between tissues were noted (Fig. 6C and D). The mid-
frontal cortex-derived int sequences had a mean dN value
higher than those from the axillary lymph node, but a mean dN

value lower than sequences from the basal ganglia. The mean
dN value of int sequences from the hippocampus was signifi-
cantly higher than the cerebellum and the lymph nodes,
whereas sequences from the basal ganglia had a mean dN value
higher than that of all other tissues except the hippocampus.
The average dS=dN values for int sequences obtained from the
hippocampus and basal ganglia were significantly lower than
the mean dS=dN values of sequences from all other tissues.

Photogenetic analysis of temporal compartmentalization
of envelope VI region, Nef, and integrase amino acid
sequence within pigtailed Macaque brain and lymph node
tissues between 1 week and 2 months postinfection

We were also interested in determining whether SIVsmmFGb
sequences compartmentalized within a particular tissue over

time. Thus, we performed a modified Slatkin-Maddison test
comparing sequences obtained from a tissue at 1 w.p.i.,17 with
sequences obtained from the same tissue at 2 m.p.i. Env V1
region amino acid sequences compartmentalized separately
within each tissue, between time points, in all tissue studied (Fig.
8A). While Env V1 region sequences from the basal ganglia had
the lowest degree of temporal segregation of all the CNS re-
gions, all brain tissues demonstrated stronger temporal com-
partmentalization of Env V1 region than either lymph node.
Similar results were obtained for Nef, with temporal compart-
mentalization of this gene in all tissues, but a higher degree of
segregation in the CNS over time (Fig. 8B). Nef sequences from
the basal ganglia appeared to have the strongest intra-tissue
temporal compartmentalization of all the CNS regions, while
sequences from the midfrontal cortex had the weakest degree of
temporal segregation. All tissues demonstrated temporal com-
partmentalization of Int (Fig. 8C). The Int sequences from the
midfrontal cortex, cerebellum, and lymph nodes had similar
degrees of intra-tissue temporal compartmentalization, while
basal ganglia-derived Int sequences had the highest degree of
temporal segregation over time. The sequences with the lowest
degree of temporal segregation were the Env V1 region samples,
with an average s ratio value of 0.71, while the Nef sequences
had the highest, with a mean s ratio value of 0.40. The Int se-
quence fell in between, with an average s ratio value of 0.60.

Discussion

Although we have previously studied SIVsmmFGb neu-
ropathogenesis and genetic diversity at 1 w.p.i.,5,6,17 this
follow-up study explores the genetic diversity and evolution
of SIVsmmFGb at 2 m.p.i. In studies with SIV infection of the
CNS, viral replication has been detected in multiple regions of
the brain for a period of up to 2 w.p.i.17,20 Subsequently, viral
RNA within the CNS becomes undetectable by 3 w.p.i. and
active replication, as measured by viral RNA, does not be-
come elevated again until 8–12 w.p.i.16,25,29 The exact mech-
anism that suppresses SIV RNA expression within the CNS
from 3 to 8 w.p.i. has yet to be determined, however, research
suggests that beta-interferon induces production of LIP, a
dominant negative isoform of the transcription activator LAP,
in macrophage and related cells.30–32 Interaction of LIP with
the proviral LTR may then block viral transcription, pre-
venting replication and inducing a latent infection in the
macrophage.33–38 Based on these SIV models, we would ex-
pect SIVsmmFGb replication in the CNS to be completely
suppressed before 2 m.p.i. Analyzing SIVsmmFGb genes at
2 m.p.i. allows us to assess the virus population that emerges
following completion of the initial burst of replication and
evolution during the early weeks of infection. The choice to
sample at 2 m.p.i. was balanced between choosing a timepoint
late enough for the initial round of viral replication in the CNS
to be complete, but early enough that the virus would not
have emerged from suppression in most animals.

Prior studies of SIVsmmFGb have shown that rapid pro-
gressors do not demonstrate symptoms until at least 3 m.p.i.,5

so we did not specifically monitor the animals in this study for
overt clinical symptoms of lentiviral neuropathogenesis. Still,
none of the animals in this study were noted to have clinical
signs of SIVsmmFGb neuropathogenesis at sacrifice. Al-
though research has not specifically addressed suppression of
SIVsmmFGb replication in the CNS, based on the studies of

Table 1. Proportion of SIVsmmFGb-Infected Pigtailed

Macaques with Compartmentalization Between

Compared Tissues as Determined by Mantel’s Test
a

Tissue comparison env V1 nef int

A�B 3=6 6=6 6=6
A�C 4=6 6=6 5=6
A�F 5=6 6=6 6=6
A�H 4=6 6=6 6=6
A�M 1=6 0=6 1=6
B�C 5=6 5=6 5=6
B�F 5=6 4=6 6=6
B�H 3=6 5=6 4=6
B�M 4=6 6=6 5=6
C�F 5=6 5=6 5=6
C�H 4=6 6=6 4=6
C�M 4=6 6=6 6=6
F�H 4=6 4=6 5=6
F�M 5=6 6=6 6=6
H�M 5=6 6=6 5=6

aA, axillary lymph node; B, basal ganglia; C, cerebellum; F,
midfrontal cortex; H, hippocampus; M, mesenteric lymph node.
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other SIV strains discussed above, we would expect actively
replicating SIVsmmFGb in the CNS to be present at low=
undetectable levels in most animals at 2 m.p.i. Our rationale
for focusing on the SIVsmmFGb env V1 region, nef, and int
genes, as well as our choice of tissues to sample, is discussed in
our previous report.17 To elaborate on our choice of tissues,
prior studies with SIVsmmFGb have shown the development
of lesions in the midfrontal cortex, cerebellum, and hippo-
campus of rapidly progressing animals, indicating these re-
gions of the brain are involved in neuropathogenesis.5

A number of potential issues with our methodology, and
the steps we undertook to minimize these biases, are de-
scribed in our previous report.17 One other potential flaw is
that the tissue samples we harvested likely contain a number
of different cell types that may support SIV infection. The
majority of SIV-infected cells in the CNS are of the monocytic
cell lineage (macrophages and microglia), which harbor pro-
ductive viral infection, when replication is not sup-
pressed.21,39–44 However, astrocytes and oligodendrocytes
may also be infected with SIV,45–50 yielding only a transient
productive infection, followed by long-term viral laten-
cy.39,51,52 Given the limited replication of the virus in non-
macrophage-related cells, we would expect only limited

selective pressure on SIVsmmFGb viruses infecting these cell
types. Thus, infection of oligodendrocytes and astrocytes
would not be expected to contribute significantly to the evo-
lution of the SIVsmmFGb genes analyzed in this study. In
macrophage-related cells, where virus replicates extensively
during the early weeks of infection, viral genes should face
increased selective pressure, contributing to the majority of
SIVsmmFGb sequence evolution. However, the methods used
in our studies do not allow us to determine from which cells
our gene sequences were obtained. Given that most infected
cells in the CNS are macrophage related, we would expect
that most of our sequences originated from these cell types,
with astrocyte- or oligodendrocyte-derived sequences re-
presenting only a small proportion of our sample. Future
studies using techniques such as laser capture microdissection
could allow us to collect specific cell types for use in isolating
proviral DNA from the CNS.

Other longitudinal studies of HIV and SIV genetic diversity
have focused on samples from the peripheral blood lym-
phocytes, plasma, or CSF,27,53 allowing collection of samples
at multiple timepoints from the same animal. However, this
type of sampling does not address viral genetic diversity and
evolution in tissues such as the brain, which are difficult to

FIG. 6. dS and dN values for (A) env V1 region, (B) nef, and (C) int sequences isolated from tissues of SIVsmmFGb-infected
pigtailed macaques sacrificed at 2 m.p.i. Average dS and dN values for each tissue were determined as described and compared
statistically using the Mann–Whitney rank sum test as described in Materials and Methods. Statistically significant differences
( p< 0.05) are noted. Error bars represent 1 standard error. dS and dN intertissue comparisons, by the Mann–Whitney rank sum
test, for all three genes are provided in the accompanying table; statistically significant differences ( p� 0.05) are noted.
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sample in a longitudinal manner. Thus, we utilized two pig-
tailed macaque cohorts: one sacrificed after 1 w.p.i.17 and the
other after 2 m.p.i. Variation between host animals may in-
troduce biases not present in longitudinal samples from the
same animal, but our procedure is more ethical and feasible.
Though longitudinal analyses of SIV env sequence compart-
mentalization have been conducted in prior research,27 this
investigation is unique in studying compartmentalization,
evolution, and genetic diversity in multiple CNS and lym-
phoid tissues.

Selection against Env V1 region sequence group 1 was
noted across all experimental tissues at 1 w.p.i., likely due to
the lower fitness of sequences in this group relative to the
other three groups.17 We expected that the less-fit Env V1
region group 1 sequences would contribute to a smaller pro-
portion of the proviral DNA population over time and the
prevalence of these sequences would decline over the course
of infection. However, Env V1 region group 1 increased in
prevalence of this group in the lymph nodes and hippocam-
pus at 2 m.p.i. One possibility is that group 1 Env V1 region
sequences possess mutations that provide a replication ad-
vantage with the onset of host adaptive immunity.54–56 Pre-

liminary analyses indicate that group 1 sequences have an
increased number of amino acid changes compared to se-
quences from the other three groups (data not shown), which
could allow escape from neutralizing antibody.54–56 How-
ever, the increased presence of group 1 sequences may reflect
a decline in the proportion of the other Env V1 region groups
in the virus population. Given the increased prevalence of Env
V1 region group 4 sequences at 1 w.p.i.,17 we expected more
virions with these Env V1 regions would be produced as
infection continued, leading to increased pressure on these
sequences from the adaptive immune response and a decline
in their prevalence as infection progressed. However, al-
though group 4 sequences did face a selective disadvantage
in the lymph nodes at 2 m.p.i., this group was selected for in
the CNS over the course of infection. Preliminary analyses
of the Env V1 region group 4 sequences obtained in these
studies indicates that the number of sequences in this group
with an insertion in the V1 loop, which may affect the capability
of the virus to enter target cells or allow viral escape from neu-
tralizing antibody,54–56 increases at 2 m.p.i. (data not shown).

Tissue-specific variation in the fitness of Nef group 1 and 2
sequences was noted in the CNS samples harvested at 1 w.p.i.,

FIG. 7. Average dS=dN values for (A) env V1 region, (B) nef, and (C) int sequences isolated from tissues of SIVsmmFGb-
infected pigtailed macaques sacrificed at 2 m.p.i. Mean dS=dN values for each tissue were determined, and statistical com-
parisons were made, as described in Materials and Methods. Error bars represent 1 standard error. dS dN ratio intertissue
comparisons for env V1 region, nef, and int are provided in the accompanying table; statistically significant differences
( p� 0.05) by the Mann–Whitney rank sum test are noted.
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with group 1 the most prevalent in all tissues.17 In the mid-
frontal cortex, hippocampus, and lymph nodes, the preva-
lence of group 1 Nef sequences increased by 2 m.p.i.
compared to the SIVsmmFGb stock virus. Nef is capable of
selectively downmodulating MHCI molecules,57,58 and if this
function was defective in group 2 Nef sequences, this group
may face a selective disadvantage in the CNS, where cytotoxic
T cells are an important component of the immune response.59

However, Nef sequences from the basal ganglia and cerebel-
lum had an increased prevalence of group 2 and decreased
prevalence of group 1 by 2 m.p.i. compared to the stock virus,
suggesting selective pressure on Nef varies between regions
of the brain.

At 1 w.p.i., selection favored Int group 3.17 We expected
this trend could continue through 2 m.p.i., although the in-
creased prevalence of group 3 Int sequences at 1 w.p.i. could
result in increased adaptive immune pressure on this group.
Consistent with this, Int group 3 prevalence was lower at
2 m.p.i. in all tissues compared to 1 w.p.i.17 Increases in the
prevalence of groups 1 and 2 at 2 m.p.i. could result from an
advantage of these sequences or merely be a proportional
increase due to selection against group 3. In the CNS, the
prevalence of Int groups 1 and 3 was higher at 2 m.p.i.,
whereas group 2 prevalence declined, compared to the
SIVsmmFGb stock virus. The decreased prevalence of group 3
Int sequences in the CNS from 1 w.p.i. to 2 m.p.i. suggests
selection against this group over time.

The env V1 region sequences formed separate compart-
ments between most tissues at 1 w.p.i.17 We expected that env
V1 region sequence compartmentalization would increase at
2 m.p.i. given the continued replication of the virus and se-
lective pressures unique to each microenvironment. The re-
sults supported our expectations, showing segregation of env
V1 region sequences between all tissues except the axillary
and mesenteric lymph nodes at 2 m.p.i. Compartmentaliza-
tion of env V1 region sequences was weaker in a slight ma-
jority of intertissue comparisons at 2 m.p.i. than at 1 w.p.i.,17

suggesting a mixture of convergent and divergent evolution
of env V1 region sequences between compartments over time.

At 1 w.p.i., nef sequences formed distinct genetic compart-
ments in all tissues.17 Given our expectation of differences
in virus replication and selective pressures between each
microenvironment, we expected increases in nef compart-
mentalization over time. The results confirmed our expecta-
tions, showing that nef sequences form separate compartments
between different regions of the CNS, and between the CNS
regions and the lymph nodes, at 2 m.p.i. Axillary and mesen-
teric lymph node-derived nef sequences did not compartmen-
talize separately from each other at 2 m.p.i., perhaps due to the
ease of virus transfer between lymph nodes. The degree of nef
compartmentalization was largely weaker at 2 m.p.i. than at
1 w.p.i.,17 suggesting convergent evolution of nef sequences
between most tissue compartments.

The formation of distinct int sequence compartments be-
tween most tissues was noted at 1 w.p.i.17 Given the resistance
of int to mutation,7 we expected the intertissue int sequence
compartments to remain stable over time. At 2 m.p.i., int se-
quences formed distinct genetic compartments between all
regions of the CNS tissues, and between the CNS regions and
the lymph nodes, confirming our expectations. In most two-
tissue comparisons, the strength of int compartmentalization
increased by 2 m.p.i. compared to 1 w.p.i.,17 suggesting di-

vergent evolution of int sequence populations. However, all
intertissue comparisons involving sequences from the hip-
pocampus showed weaker compartmentalization at 2 m.p.i.
than at 1 w.p.i.,17 suggesting convergent evolution of int
between the hippocampus and the lymph nodes as well as
between the hippocampus and the other regions of the CNS.

We expected sequences from each tissue at 2 m.p.i. to
compartmentalize separately from those obtained at 1 w.p.i.,
reflecting additional virus evolution and exposure to selective
pressure prior to the suppression of replication. Intratissue
temporal compartmentalization was seen for all three genes in
all tissues, suggesting that sequences within a tissue diverge
over time (Fig. 8). For Nef and Env V1, temporal segregation
was strongest between regions of the CNS, suggesting greater
divergence of sequences in these regions over time compared
to the lymph nodes. Temporal compartmentalization of Int
was similar in most of the tissues, suggesting little difference
between divergence of Int in the CNS and lymph nodes over
time. Genetic divergence of the Env V1 region and Nef in the
brain may be necessary to allow efficient viral replication in
target cells or immune pressures specific to the CNS. As the
highly conserved function of Int does not play a role in virus
entry into target cells or avoidance of the immune system, this
gene would not be expected to diverge in the CNS relative to
the lymph nodes. Preliminary genetic analysis of the
SIVsmmFGb Nef amino acid sequences in our studies indi-
cates that amino acid changes in the basic region, N-proximal
Y residues, and PAK binding site increase over time in both
lymph nodes and all regions of the CNS (data not shown). Nef
sequences from the CNS appear to accumulate an increased
number of amino acid changes in the AP interaction site over
time compared to sequences from the lymph nodes. These
changes suggest that a number of Nef functional motifs adapt
to enhance the replicative potential of the virus in the CNS
and that Nef may play a very important role in driving
SIVsmmFGb compartmentalization. Analysis of intratissue
temporal compartmentalization by Mantel’s test was not
feasible given the number of sequences and software limita-
tions.

At 1 w.p.i., negative selection contributed to nef and int
compartmentalization, whereas positive selection was a fac-
tor in env V1 region segregation.17 We expected that positive
selection on the env V1 region sequences would increase over
time, with selection for increased coreceptor usage and
adaptive immune pressure selecting for escape mutants.
Given the conserved functions of nef,60–63 we expected the
resistance of this gene to mutation would overcome selective
pressures for escape mutants, and that negative selection
would continue. Similarly, given the tendency of int to evolve
slowly and resist amino acid changes,7 we expected negative
selection on that gene to continue. The dS=dN values for se-
quences harvested at 2 m.p.i. confirmed that positive selection
of the env V1 region and negative selection of nef and int
continued over the course of infection. The strength of posi-
tive selection on env V1 region sequences increased over time
in most tissues, based on lower mean dS=dN values at 2 m.p.i.
compared to 1 w.p.i.17 Conversely, the strength of the nega-
tive selection on nef and int sequences increased over time in
most tissues, based on increased mean dS=dN values at 2 m.p.i.
compared to 1 w.p.i.17 Although preliminary analysis sug-
gests that nef accumulates mutations in certain functional
motifs (data not shown), there may be enough purifying
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selection on other domains to cause an overall increase in
negative selection.

Changes in the mean dS value are affected by the frequency
of silent synonymous genetic mutations, whereas dN is af-
fected more by the nonsynonymous substitutions induced by
selective pressure.64,65 If both the mean dS value and mean dN

value are highest at 2 m.p.i., this suggests the general rate of
mutation of a gene increases over the course of infection,
likely resulting from both external selective pressure, such as
the immune response, and factors intrinsic to the virus, such
as generation time and replication fidelity. Increases in both
mean dS and mean dN from 1 w.p.i. to 2 m.p.i. occurred for env
V1 regions from the midfrontal cortex and lymph nodes,
nef sequences from the cerebellum and hippocampus, and
int sequences from the basal ganglia and cerebellum.17 If se-
quences have a higher mean dS value and lower mean dN

value at 2 m.p.i. than at 1 w.p.i., this indicates that silent
mutations increase over the course of infection, with reduced
accumulation of amino acid changes. This suggests that evo-
lution is influenced more by factors intrinsic to the virus than
by external selective pressure. This pattern appeared for env
V1 region sequences in the hippocampus, nef sequences in the
axillary lymph node and midfrontal cortex, and int sequences
in the midfrontal cortex, hippocampus, and mesenteric lymph
node.17 A higher mean dN value at 2 m.p.i. compared to

1 w.p.i., but lower mean dS, suggests an increased rate of
amino acid substitution over time, whereas the rate of si-
lent mutation declines. In this situation, which occurred in
basal ganglia-derived env V1 region sequences,17 evolution is
influenced more by external selective pressure. Finally, de-
creased mean dS and dN values at 2 m.p.i., compared to
1 w.p.i., indicate evolution is due to a combination of intrinsic
and extrinsic factors, but the general rate of mutation is lower.
Decreases in both dS and dN occurred in env V1 region se-
quences from the cerebellum, int sequences from the axil-
lary lymph node, and nef sequences from the basal ganglia
and mesenteric lymph node.17

We also expected an increase in functional differences
between env V1 regions harvested from the CNS and the
lymph nodes, given the expected variance in selective pres-
sures between the CNS regions and the lymph nodes. At
2 m.p.i., most intertissue comparisons had some variation in
mean dS or dN, suggesting functional differences between env
V1 regions from different tissues. The number of intertissue
comparisons with a significant difference in mean dS, dN, or
both increased at 2 m.p.i. compared to 1 w.p.i.,17 suggesting
that env V1 regions in the various compartments gained
functional differences as infection progressed. At 2 m.p.i.,
most intertissue comparisons of nef sequences had differ-
ences in either dS or dN, suggesting variations in nef function

FIG. 8. Phylogenetic analysis of temporal compartmentalization of SIVsmmFGb sequences within the same tissue harvested
from pigtailed macaques at 1 w.p.i. and 2 m.p.i. (A) Env V1 region, (B) Nef, and (C) Int compartmentalization was deter-
mined using a modified Slatkin–Maddison test as described in Materials and Methods. Error bars represent 2 standard errors
of the determined S ratio; significant compartmentalization between tissues is indicated by ratios more than 2 standard errors
less than 1. Some sequences for the Env V1 region, Nef, and Int could not be obtained from animal PQo1 at 1 w.p.i. as
described.17
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between tissues. Compared with the results at 1 w.p.i.,17 this
suggests the differences in nef function between compart-
ments develop over the course of infection. At 2 m.p.i., var-
iations in mean dN were noted in the majority of int
intertissue comparisons, suggesting functional differences
between certain tissues. An overall net loss of functional
differences in int between tissues was noted by 2 m.p.i.
compared to 1 w.p.i.17

Although our study did not specifically analyze the im-
mune responses of the infected animals to SIVsmmFGb, the
host adaptive immune response likely had some role in the
evolution of the viral genes analyzed in this study. In studies
with other SIV and HIV strains, CD8þ T cells are known to
infiltrate the CNS59 and can respond to Nef and Int proteins66

as well as epitopes within the Env V1 region.67 Relative to
protein length, Nef elicits the greatest CTL response of the
three genes considered in this study, whereas responses to the
Int and the Env V1 region are comparatively moderate and
low, respectively.66,67 The high mutation rate and variability
of the env gene can alter Env CTL epitopes, making the CD8þ

T cell response less effective, over time, than against less
variable proteins such as Nef and Int.68 If CD8þ T cells play a
similar role in the response to SIVsmmFGb in the CNS, then
we might expect that the evolution and compartmentalization
of all three genes analyzed in this study may be partly due to
differences in CTL activity in different regions of the brain.
Unlike Int and Nef, however, the Env protein also induces
neutralizing antibodies,68–70 particularly the V1 region.71,72

Although the blood–brain barrier (BBB) normally blocks
antibody entry into the CNS, Env can damage the BBB73 and
allow extravasation of serum proteins, including IgG.74,75

Although prior studies have demonstrated that plasma
levels of anti-SIV p27 antibody have a negative correlation
with SIVsmmFGb viral load in the CNS on progression to
neurological disease,5 it is currently unknown what role
Env-specific antibodies might play in SIVsmmFGb neuro-
pathogenesis. The early appearance of humoral responses to
other SIV strains70,76 and the efficacy of these responses
against other macrophage-tropic viral strains77 suggest an-
tibodies may be involved in adaptive immunity in the CNS.
If SIVsmmFGb elicits similar antibody responses to other SIV
strains, we might expect that the humoral response plays a
role in env V1 region evolution in the CNS. Future studies
will be necessary to analyze the cellular and humoral im-
mune responses to SIVsmmFGb in the CNS and determine
how these responses correlate with the evolution and com-
partmentalization of viral genes. Of particular interest
would be to compare immune responses and sequence
evolution between SIVsmmFGb-infected animals with dif-
ferent rates of disease progression and the rare animals that
do not develop neuropathogenesis. This may allow for the
determination of host- or virus-specific factors that influence
the development and progression of SIVsmmFGb neuro-
pathogenesis.

Overall, our results reveal the effect of replication and
evolution on the diversity and compartmentalization of a
neuropathogenic SIV swarm in the lymph nodes and CNS of
pigtailed macaques. These results suggest that viruses
evolving in different regions of the CNS may vary in their
potential to induce neuropathogenesis or escape immune re-
sponses. In particular, the diversity and function of Nef ap-
pear to differ between regions of the CNS and between the

CNS and the periphery, suggesting Nef may determine the
presence and severity of neuropathogenesis in a given brain
region. We also found convergent evolution of the env V1
region and nef between different compartments and de-
creased differences in env V1 region and int function and
evolution of all three genes within CNS regions over time.
These results suggest that selective pressure may drive
SIVsmmFGb strains in all CNS regions toward a common
phenotype, necessary to induce full neuropathogenesis. We
are currently analyzing amino acid sequences from the Env
V1 region, Nef, and Int for the presence of mutations in
functional domains, which may affect viral fitness. Compar-
ing the prevalence of these mutations over time may allow us
to determine sequence changes that may be important in the
development of neuropathogenesis. Sequences with poten-
tially interesting mutations, particularly in the Env V1 region
and Nef, could then be cloned and functional assays could be
performed. We are also interested in determining whether
mutations may be present in immune epitopes, particularly in
the Env V1 region and Nef protein sequences, which may
indicate the effects of immune pressure on viral evolution.

Sequence Data

The nucleotide sequences referenced in this study are
available in the GenBank database under the accession
numbers FJ396520–FJ396665.
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