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Abstract

The simian lentivirus strain SIVsmmFGb is a viral swarm population inducing neuropathology in over 90% of
infected pigtailed macaques and serves as a reliable model for HIV neuropathogenesis. However, little is un-
derstood about the genetic diversity of this virus, how said diversity influences the initial seeding of the central
nervous system and lymph nodes, or whether the virus forms distinct genetic compartments between tissues
during acute infection. In this study, we establish that our SIVsmmFGb stock virus contains four genetically
distinct envelope V1 region groups, three distinct integrase groups, and two Nef groups. We demonstrate that
initial central nervous system and lymph node seeding reduces envelope V1 and integrase genetic diversity but
has a variable effect on Nef diversity. SIVsmmFGb envelope V1 region genes from the basal ganglia, cerebellum,
and hippocampus form distinct genetic compartments from each other, the midfrontal cortex, and the lymph
nodes. Basal ganglia, cerebellum, hippocampus, and midfrontal cortex-derived nef genes all form distinct genetic
compartments from each other, as well as from the lymph nodes. We also find basal ganglia, hippocampus, and
midfrontal cortex-derived integrase sequences forming distinct compartments from both of the lymph nodes and
that the hippocampus and midfrontal cortex form separate compartments from the cerebellum, while the axillary
and mesenteric lymph nodes compartmentalize separately from each other. Compartmentalization of the enve-
lope V1 genes resulted from positive selection, and compartmentalization of the nef and integrase genes from
negative selection. These results indicate restrictions on virus genetic diversity during initial tissue seeding in
neuropathogenic SIV infection.

Introduction

Millions of people worldwide are infected with HIV-1
or �2, the lentiviruses that cause AIDS.1–3 While much

HIV=AIDS research focuses on the immunologic and lym-
phocytic pathogenesis aspects of the infection, the central
nervous system (CNS) represents another site of viral patho-
genesis. The most common neurological syndrome induced
by HIV infection is AIDS dementia complex (ADC), caused by
direct or indirect mechanisms of the virus.1,4–6 Most prevalent
in the later stages of infection,7,8 ADC affects one- to two-
thirds of AIDS patients1,5,9 and has a 6-month mortality rate

of 67%.7,8 In the early stages of ADC, patients present with
minor impairments in memory, concentration, fine motor
control, and reflexes,8,10 eventually progressing to severe
disturbances in memory, personality, social interaction, and
motor coordination.1,4,6,8,10 The development of encephalitis
is associated with high viral antigen loads in the brain,6

multinucleate giant cells, neuronal dysfunction, and neuronal
death.1,11 Lesions are spread throughout the brain, but occur
most commonly in the subcortical white matter, basal gan-
glia, and hippocampus.12 While highly active antiretroviral
therapy (HAART) can reduce the incidence and symptoms
of ADC by up to 50%,5–7,13–17 drug levels in the CNS may
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be too low to prevent virus replication (reviewed in Refs.
17–19) and studies demonstrate an increased incidence of
HIV minor cognitive motor disorder despite the advent of
HAART.17,20

The most common system for studying HIV infection is the
simian immunodeficiency virus (SIV) model, particularly the
sooty mangabey-derived SIVsmm, which induces a disease in
infected macaques similar to human AIDS.2,4,21,22 The SIV
infection model has proven applicable to lentiviral neuro-
pathogenesis studies (reviewed in Refs. 23 and 24), with in-
fected macaques developing encephalitis and meningitis11,21

at the onset of immunosuppression25 and brain lesions similar
to those in HIV patients.5,11,21 Infected cells are most com-
monly found in the macaque cerebral and cerebellar cortical
gray and white matter, as well as the midfrontal cortex.5,26 SIV
RNA is detectable in multiple regions of the CNS,25,27 and
virus can be recovered from the brain and cerebrospinal fluid
(CSF), within a few days of infection.11,28–31 The SIV infection
model allows sampling of the CNS tissues during the early
stages of infection, as well as control of the genotype, dose,
and route of administration of the virus inoculum.

Replicable neuropathogenesis studies with the SIV–
macaque model are difficult, however, as most SIV strains
induce neuropathology in only 25–40% of infected animals.4,5

Attempts to improve neuropathogenicity include passag-
ing SIV strains through brain tissue culture or coinfecting
animals with neuropathogenic and immunosuppressive SIV
strains; the former method typically being less successful than
the latter.32–34 Our studies are aided by a reliably neuro-
pathogenic SIV strain, SIVsmmFGb, isolated by our labora-
tory.4 Most pigtailed macaques infected with SIVsmmFGb
developed neurological symptoms, including ataxia, lack of
coordination, and behavioral changes in the last month be-
fore sacrifice.4 SIV-infected giant cells, as well as infected
microglia and macrophages, were detected by in situ hy-
bridization (ISH) in the brain tissues of all infected pigtail
macaques.5

Subsequent analyses revealed that SIVsmmFGb is a largely
CCR5-tropic quasispecies,6 reflecting the natural state of HIV-
1 in vivo.35,36 This similarity allowed us to use SIVsmmFGb
as a model for the initial seeding of nonhuman primate brain
by a genetically diverse, neuropathogenic lentivirus. Using a
variety of sequence analyses and statistical methods, we ex-
plored and categorized the genetic diversity of the envelope
(env, Env) V1 region, nef (nef, Nef), and integrase (int, Int)
genes of our SIVsmmFGb stock virus, and analyzed the effect
of seeding of the pigtailed macaque CNS and lymph node
tissues on this diversity. In addition, we analyzed whether the
SIVsmmFGb env V1 region, nef, and int genes formed distinct
genetic compartments in the CNS tissues of infected pigtailed
macaques in acute infection.

Materials and Methods

SIVsmmFGb stock virus isolation and PCR
amplification

SIVsmmFGb stock virus was produced as described4 and
used for animal inoculations. Viral RNA was isolated with a
QIAmp viral RNA minikit (Qiagen, Valencia, CA) according
to the manufacturer’s protocol, serially diluted 10-, 100-, and
1000-fold and, along with undiluted RNA, was used for RT-
PCR with a SuperScript III RNase H reverse transcriptase kit

(Invitrogen, Carlsbad, CA), with random hexamer primers
used for the initial RT step. DNA obtained from these reac-
tions was serial diluted 10-, 100-, and 1000-fold, for 16 total
DNA templates (RNA diluted 1:10=DNA diluted 1:10, RNA
diluted 1:100=DNA diluted 1:10, etc.). Each template was
used for nested PCR of env, nef, and int genes, using the
primers described in Supplementary Table 1 (see http:==www
.liebertonline.com=aid).

Animal inoculation and tissue harvesting

Six juvenile pigtailed macaques, from the Yerkes National
Primate Research Center colony (Atlanta, GA), were inocu-
lated intravenously (i.v.) with 100 TCID50 of the SIVsmmFGb
stock virus. Animals were inoculated and necropsied indi-
vidually, using a triaging protocol that was designed to re-
duce variability and ensure tissue collection from matching
anatomic sites in each test subject. Two of the macaques were
sacrificed 5 days postinfection (d.p.i.) and the remaining four
animals were sacrificed 7 d.p.i. Blood and CSF were harvested
before sacrifice, to perform viral load analysis and other
studies. All animals were extensively perfused with saline
before tissue collection to prevent contamination of CNS
samples by the blood. Tissue specimens that were collected
from each animal for sequence analysis included the axillary
lymph node, mesenteric lymph node, basal ganglia, mid-
frontal cortex, hippocampus, and cerebellum; these were
quick-frozen on dry ice and stored at �808C. These tissue
samples, and those from other anatomical sites, were also
harvested for ISH and determination of viral loads. The tissue
samples for ISH were submitted to the O’Neil group and the
ISH procedure was performed as described.4

DNA extraction and preparation

Using sterile scalpels, and working on dry ice to avoid
tissue damage, small tissue segments were excised and placed
in cell lysis buffer containing 0.1 M NaCl, 10 mM Tris (pH
8.0), 25 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), and
double-distilled H2O (ddH2O), and then homogenized with a
1.0-ml syringe plunger. Homogenates were treated with 50mg
of proteinase K and incubated overnight at 558C, with peri-
odic vortexing. Samples were brought to room tempera-
ture and DNA was harvested via a sequential extraction with
Tris-saturated phenol, phenol–chloroform–isoamyl alcohol
(25:24:1), chloroform, and 100% ethanol. DNA was pelleted
by 15,000-rpm centrifugation for 30 min at 48C, washed three
times with 70% ethanol, air dried, and resuspended in ddH2O.
DNA concentration was quantified with a UV spectropho-
tometer and samples were frozen at �208C.

PCR amplification and cloning of DNA
from experimental tissues

The nef, env, and int genes were amplified from proviral
DNA by nested PCR, using an Expand High Fidelity PCR
system kit (Roche, Indianapolis, IN), according to the manu-
facturer’s protocol. After some difficulty in performing PCR
amplification of viral genes from the CNS tissues of macaques
PQo1 and PQq1, the primers in Supplementary Table 1 were
analyzed and found to contain hairpins and dimers. Thus,
new primers were designed for env, nef, and int as described in
Table 1.
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Cloning strategy

The PCR products were purified on 0.9% (env) or 1.2% (nef,
int) agarose gels and were extracted with a QIAquick gel ex-
traction kit (Qiagen), according to the manufacturer’s proto-
col. As restriction sites were not added to the primers, the
purified PCR products were ligated with a pGEM-T Vector
System I (Promega, Madison, WI), in accordance with the
manufacturers’ protocol. After incubation for 24 hr at 48C,
the ligations were transformed into Invitrogen Electro-
MAX DH10B E. coli (recA1, endA1) cells, according to the
manufacturer’s protocol. Single bacterial colonies were used
for preparation of plasmid DNA containing the inserts.
Approximately 2mg of each p-GEM-T vector=gene insert-
positive sample was sent to MWG Biotech for sequencing
(MWG Sequencing, Huntsville, AL). Sequencing was per-
formed with pGEM-T vector-specific sequencing primers,
each yielding approximately 800 to 900 bp of usable sequence:
p-GEM-T forward primer 026, 50-GTAAAACGACGGCCA
GT-30-2961; p-GEM-T reverse primer 025, 50-TAACAATTT
CACACAGG-30-2827.

DNA sequence analysis

Sequences were analyzed with EditSeq in the DNASTAR
Lasergene v7.1.0 software package (DNASTAR, Madison,
WI) and the following sequences were discarded: Poor reads;
junk sequence; incomplete nef and int sequences; nef and int
sequences with deletions or insertions; and env sequences that
did not produce a complete V1 region. The resulting valid
sequences were copied into MEGAlign in DNASTAR La-
sergene v7.1.0 for translation into Env, Nef, and Int amino
acid sequences and all clones with premature stop codons
were discarded; at least 20 valid clones were recovered for
each gene, from each tissue, from each experimental animal.
At least 20 valid clones were also collected for each gene from
each of 16 stock virus dilution templates, as described above.

Stock virus sequence grouping

The valid amino acid sequences for Env, Nef, and Int from
the SIVsmmFGb stock virus dilutions were pooled in
MEGAlign and were aligned by the Clustal W method. A
distance-based, neighbor-joining phylogenetic tree was pro-
duced for all stock virus sequences of each gene, in PAUP*

4.0b10.37 Based on visual inspection of the phylogenetic clade
structure of the resulting tree, the stock virus sequences for
each gene were divided into subgroups. Sequences in each
subgroup were aligned in MEGAlign, via the Clustal W
method, and a consensus sequence was generated for each
subgroup of each gene. The subgroup consensuses were then
aligned in MEGAlign, via the Clustal W method, and a new
distance-based, neighbor-joining phylogenetic tree was pro-
duced in PAUP* 4.0b10. This tree was subjected to boot-
strapping analysis, using heuristic search methods, and 1000
bootstrap replicates were produced. Subgroup consensuses
for each gene were then grouped based on bootstrap support:
Clades of subgroup consensuses with bootstrap support
greater than 50% were counted as a unique group, while
those subgroup consensuses that did not fall into a clade with
greater than 50% bootstrap support were pooled into a sep-
arate group.

Tissue-isolated viral gene sequence alignment
and grouping

Valid amino acid sequences for Env, Nef, and Int, from each
tissue in each experimental animal, were aligned in MEGA-
lign, via the Clustal W method, with the stock virus subgroup
consensuses for that gene. These alignments were exported to
PAUP* 4.0b10 and neighbor-joining phylogenetic trees were
generated, using both distance- and parsimony-based analy-
sis, with no obvious differences noted between the two
methods (data not shown). Visual inspection of the cladistic,
phylogenetic distribution of tissue-isolated sequences, in re-
lation to the stock virus subgroup consensuses, was used to
sort tissue-isolated sequences into the groups defined by the
stock virus analysis. The percentage of sequences in each
group was determined for each tissue in each animal and then
averaged to determine the mean prevalence of each sequence
group in each tissue across all animals. The mean prevalence
of each sequence group in each tissue was then compared
with the prevalence of that group in the SIVsmmFGb stock
virus, using the Mann–Whitney rank-sum test in SigmaStat
Demo 2.03 software (Systat, San Jose, CA). The prevalence of
each sequence group in all brain tissues and all lymph node
tissues were collected into separate pools and then averaged
to determine the mean prevalence of each group in the brain
and the mean prevalence of each group in the lymph nodes.

Table 1. Description and Sequences of Primers Used for PCR Amplification of env, nef, and int
Genes from Tissue Proviral DNA

Primer number Primer coordinatesa Primer description Primer sequence (50 to 30)

952 6360 env outer forward GAGGCGTGCTCTAATACAT
953 9299 env outer reverse ATCATCATCATCTACATCATC
954 6474 env inner forward CCGAAGAAGGCTAAGGCTAATACA
955 9210 env inner reverse ATTGTCCCTCACTGTATCCCTG
959 8806 nef outer forward AGACGGTGGAGACAGAGGTGG
960 9950 nef outer reverse TCAATCTGCCAGCCTCTCCG
961 8947 nef inner forward CCAACCAGTGTTCCAGAGGC
962 9845 nef inner reverse CCCGTAACATCCCCTTTGTGG
963 4021 int outer forward CCTCCCTTAGTCAGATTAGTC
964 5433 int outer reverse GGGAAGATTACTCTGCTG
965 4106 int inner forward GGCAATCAAGAGAAGGAAAGGC
966 5378 int inner reverse CATAACAAGCCTTCTGTAGGTCC

aPrimer coordinates based on PGm5.3 genome.4
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FIG. 1. SIVsmmFGb stock virus sequence grouping strategy for (A) Env V1, (B) Nef, and (C) Int. Viral RNA isolated from
SIVsmmFGb stock virus was serially diluted and used to produce RT-PCR and PCR templates as described in Materials and
Methods. Nested PCR for each gene was performed as described and at least 20 clones were analyzed from each reaction.
Amino acid sequences of these clones were aligned via Clustal W and distance-based, neighbor-joining phylogenetic trees
were produced. Clade consensus sequences from these first neighbor-joining trees were generated and realigned into a new
neighbor-joining tree. Clade consensuses and, by extension, their composite sequences were broken into groups based on
bootstrap support (1000 replicates) of clades in this second neighbor-joining tree. Bootstrap consensus of the second neighbor-
joining tree for each gene is shown; group breakdown, and clades with greater than 50% bootstrap support, are indicated.
Groups are indicated as follows: *group 1; **group 2; ***group 3; ****group 4.



The mean lymph node prevalence and the mean brain prev-
alence for each group were compared with each other, and
with the group prevalence in the SIVsmmFGb stock virus,
using the Mann–Whitney rank-sum test. The Mann–Whitney
test was chosen because of the nonnormal distribution of the
group prevalences between animals and the unequal variance
between the sequence groups from the stock virus and those
from tissues. Those Mann–Whitney comparisons with a p
value less than, or equal to, 0.05 were considered evidence of
statistically significant differences between tissues.

Phylogenetic and phenetic compartmentalization
analyses

The phylogenetic compartmentalization of Env V1, Nef
and Int amino acid sequences between each of the six tissues
was compared using a modified Slatkin–Maddison test, as
described elsewhere.38,39 The global mean bootstrap S and
global mean random S values for each two-tissue comparison,
where S is the least number of evolutionary steps for ‘‘tissue of
origin,’’ obtained from this procedure were used to calculate
the ratio of bootstrap S to random S values; the standard error
of this ratio was then determined using the formulas de-
scribed elsewhere.40 As described,38,39 if the ratio of global
mean bootstrap S to global mean random S is 2 standard
errors less than 1, significant compartmentalization between
tissues is present.38,41 These procedures were repeated for
every possible two-tissue comparison for each of the three
viral genes.

The phenetic compartmentalization of env V1, nef, and int
between each of the six tissues was compared using Mantel’s
test, as described elsewhere.38,39,41 Using XLSTAT-Pro (Ad-
dinsoft, Paris, France), the Pearson’s correlation coefficient, r,
was calculated and an estimated p value was generated from
1000 permutations. The null hypothesis, of no compartmen-
talization between tissues, was rejected for all p values less
than, or equal to, 0.05.

Synonymous and nonsynonymous
substitution analysis

Analysis of selective pressure in each tissue compartment
was performed by analysis of synonymous (dS) and non-
synonymous (dN) substitution rates, as well as the dS=dN ratio.
All DNA sequences from the SIVsmmFGb stock virus for env,
nef, and int were aligned via the Clustal W method in
MEGAlign and consensus sequences were produced for each
gene. These consensus sequences were then aligned via the
Clustal W method in MEGalign with SIVsmmFGb viral gene
sequences obtained from the experimental tissues; the result-
ing alignments were then exported to MEGA4. For each gene
in each tissue in each animal, the pairwise distance between
each sequence and the stock virus consensus for that gene was
used to calculate the dS and dN values, using the Nei–Gojobori
p distance method in MEGA4. For each gene, results from all
five (or six) experimental animals were pooled to generate a
mean dS and mean dN for each tissue and the Mann–Whitney
rank-sum test was used to compare mean dS and mean dN

values for each gene within, and between, the tissues. Mean dS

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

Whitney comparisons with a p value � 0.05 were considered
statistically significant.

Results

SIVsmmFGb stock virus grouping

The consensus sequences for Env V1 region amino acid
clades were divided into four groups (Fig. 1A): Group 1
consisted of four stock virus Env V1 consensus sequences,
representing 50 stock virus sequences (Fig. 2A), with 88%
bootstrap support. Group 3 encompassed two stock virus Env
V1 consensus sequences, representing 54 stock virus sequences
(Fig. 2A), with 58% bootstrap support. Group 4 consisted of 10
stock virus Env V1 consensus sequences, representing 276
stock virus sequences (Fig. 2A), as part of a superclade with
64% bootstrap support. Group 2 consisted of the remaining
three consensuses, representing 25 stock virus sequences
(Fig. 2A), falling outside any bootstrap-supported clade. For
Nef (Fig. 1B), the stock virus consensus sequences were di-
vided into two groups: Group 1 consisted of 20 stock virus
Nef consensus sequences, representing 354 stock virus se-
quences (Fig. 2B), with 64% bootstrap support. The remaining
two stock virus Nef consensus sequences, representing 38
stock virus sequences and falling outside the bootstrap-
supported clade (Fig. 2B), were collected into group 2. For Int
(Fig. 1C), the stock virus consensus sequences were separated
into three groups: Group 2 contained four stock virus Int
consensus sequences, representing 78 stock virus sequences
(Fig. 2C), with 58% bootstrap support. The group 3 clade had
64% bootstrap support and was composed of two stock virus
Int consensus sequences (Fig. 2C), representing 31 stock virus
sequences. The remaining stock virus Int consensus se-
quences, falling outside the bootstrap-supported clades and
representing 279 stock virus sequences (Fig. 2C), were orga-
nized into group 1.

ISH of SIVsmmFGb in brain and peripheral
tissues of infected pigtailed macaques

Of the animals sacrificed 5 d.p.i. (Table 2), PQq1 had high
numbers of SIV-infected cells in both the inguinal lymph node
and spleen, as well as in all gastrointestinal tissues. Com-
parable numbers of productively infected cells were detected
in the inguinal lymph node of animal PQo1, but few infected
cells were noted in the spleen and gastrointestinal tissues.
Neither animal sacrificed 5 d.p.i. had SIV RNA-positive cells
in the bone marrow or brain tissues. PCR amplification of
genes from proviral DNA were successful in the lymph node
and CNS tissues of animal PQq1 (data not shown) but we
were unable to PCR amplify the following genes from animal
PQo1: env from the basal ganglia, midfrontal cortex, and
cerebellum; nef from the basal ganglia and midfrontal cortex;
and int from the basal ganglia and cerebellum. The remaining
four animals were sacrificed 7 d.p.i. and all demonstrated
high numbers of SIV-positive cells in the inguinal lymph node
and spleen, as well as some degree of productive SIV infection
in the bone marrow. Three of these animals had high numbers
of infected cells in the gastrointestinal tract, while PKo1
showed moderate levels of virus in these tissues. The presence
of viral RNA in the CNS varied between animals, with pro-
ductive infection in four of five and three of three of the brain
tissue samples from animals PGt1 and PFp1, respectively. SIV
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RNA-positive cells could not be detected in the CNS samples
from PKo1 and were only present at low levels in medulla
from animal PHs1. The low levels of SIV RNA in the CNS of
most animals undoubtedly represent genotypes introduced
by early, initial seeding. We successfully PCR amplified env,
nef, and int genes from all lymph node and CNS tissue sam-
ples taken from PFp1, PGt1, PHs1, and PKo1 (data not
shown). Because of the relatively low levels of SIVsmmFGb
viral RNA present in some of the CNS samples from these
animals, we used proviral DNA as a substrate for PCR am-
plification to maintain consistency through all tissues.

Diversity of Env V1 region, Nef, and Int amino acid
sequences isolated from pigtailed macaque brain
and lymph node tissues compared with stock virus

Amino acid sequences for Env V1 region, Nef, and in-
tegrase were harvested from the tissues of SIVsmmFGb-

infected pigtailed macaques, were screened, and were
grouped as described in Materials and Methods. For Env V1
(Fig. 3), the prevalence of group 1 decreased significantly in
the axillary lymph node, basal ganglia, hippocampus, and
midfrontal cortex. The prevalence of this group did not
change significantly in the cerebellum and mesenteric lymph
node (Supplementary Fig. 1; see http:==www.liebertonline
.com=aid). The prevalence of the other three Env V1 groups in
any of the tissues was not found to differ significantly from
the prevalence of those groups in the SIVsmmFGb stock virus.
The prevalence of Nef group 1 increased significantly in the
basal ganglia, while group 2 showed a significant decrease
(Fig. 4). In contrast, the prevalence of Nef group 1 decreased
significantly in the midfrontal cortex, while the prevalence of
group 2 increased in this tissue. No significant differences in
Nef group prevalence, compared with the stock virus, were
noted in the remaining four tissues (Supplementary Fig. 2; see
http:==www.liebertonline.com=aid). The prevalence of Int

FIG. 2. SIVsmmFGb stock virus sequence group composition. As described in Fig. 1 and Materials and Methods, 16
SIVsmmFGb stock virus templates, with different RNA and DNA dilutions, were used for nested PCR reactions of the env V1
region, nef, and int. At least 20 clones were sequenced and translated for each gene, yielding approximately 400 total
SIVsmmFGb amino acid sequences per gene. These sequences were grouped as described in Fig. 1 and the number and
percentage of sequences in each group are shown for (A) the Env V1 region, (B) Nef, and (C) Int.
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group 1 decreased significantly in the basal ganglia and both
lymph nodes, relative to the stock virus (Fig. 5). The preva-
lence of Int group 3, meanwhile, increased significantly in
both lymph nodes, the basal ganglia, and the cerebellum.
Significant decreases in Int group 2, relative to the stock
virus, appeared in all tissues and this group was absent from
the basal ganglia, the midfrontal cortex, and both lymph
nodes.

We also compared the mean prevalence of each Env V1,
Nef, and Int group across all brain tissues with the mean
prevalence of each group in the lymph nodes, as well as the
SIVsmmFGb stock virus. The prevalence of Env V1 group 1 in
both the CNS and lymph nodes decreased significantly
compared with the stock virus, but no significant difference in
the prevalence of this group was noted between the CNS and
lymph nodes (Fig. 6A). The prevalence of the other Env V1
groups did not differ between the SIVsmmFGb stock virus,
the lymph nodes, and the CNS. There was also no significant
difference between the stock virus, CNS, and lymph nodes in
the prevalence of either group of Nef sequences (Fig. 6B). Int
group 1 prevalence decreased significantly in the lymph node
compared with the stock virus, but no other significant
changes in the prevalence of this Int group were noted (Fig.
6C). The prevalence of Int group 2 decreased significantly in
the CNS and the lymph nodes compared with the stock virus,
but there was no significant difference between the CNS and
the lymph nodes. The prevalence of Int group 3 increased
significantly in the CNS and the lymph nodes compared with
the SIVsmmFGb stock virus, but there was no difference be-
tween the CNS and the lymph nodes.

The prevalence of each Env V1, Nef, and Int sequence
group in each tissue was also analyzed in each animal indi-
vidually. The most prevalent Env V1 region group was group

4, although group 2 predominated in one tissue for three of
the six animals and group 3 was the most prevalent in one
tissue for two of the six animals (Supplementary Fig. 3; see
http:==www.liebertonline.com=aid). Group 1 was the most
prevalent Nef group in all animals across all tissues, except for
in the hippocampus and mesenteric lymph node of PKo1
(Supplementary Fig. 4; see http:==www.liebertonline.com=
aid). Group 3 was the most prevalent of the Int groups, but all
the animals had at least one tissue where the prevalence of
group 1 was greater than, or equal to, that of group 3 (Sup-
plementary Fig. 5; see http:==www.liebertonline.com=aid).

Phylogenetic analysis of compartmentalization of Env
V1 region, Nef, and Int amino acid sequences isolated
from pigtailed macaque brain and lymph node tissues

To determine whether the SIVsmmFGb Env V1 region, Nef,
or Int formed distinct genetic compartments in any CNS or
lymph node tissue, a modified Slatkin–Maddison test was
used, as described in Materials and Methods. The Env V1
region sequences obtained from all the CNS tissues com-
partmentalized separately from both of the lymph nodes; the
formation of distinct compartments between CNS tissues was
also noted (Fig. 7A). However, no significant Env V1 region
sequence compartmentalization appeared between the lymph
nodes. Similar results were observed for Nef (Fig. 7B), with
Nef sequences from each CNS tissue forming distinct com-
partments from the other CNS tissues and both of the lymph
nodes. However, significant compartmentalization of Nef se-
quences was seen between the axillary and mesenteric lymph
nodes. The degree of compartmentalization was greater for
Nef than for Env V1 region sequences, with average S ratios of
0.32 (range, *0.16 to 0.67) and 0.60 (range, *0.40 to 0.81),

Table 2. In Situ Hybridization Results on Short-Fixation Tissue Specimens Harvested at Necropsy

from Pigtailed Macaques Infected Intravenously with SIVsmmFGb

Animal

PQq1 PQo1 PKo1 PFp1 PGt1 PHs1

Sacrificed (d.p.i.): 5 5 7 7 7 7

Systemic lymphoid tissues Spleen 4a 2 4 5 5a 5a

Inguinal lymph node 5 4 4 5 5a 5a

Bone marrow 0 0b 2 3 4 4
Gastrointestinal tissues Stomach, fundus 3 1b 3 3 4 3

Stomach, pylorus 4 2 3 4 4 3
Duodenum 4 1 3 4 5 4
Jejunum 5 0b 3 4 4 4
Ileum 4 2 4 3 3 3
Colon 5 1 2 4 4 4
Rectum 4 1 2 4 4 4

Brain tissues Prefrontal cortex 0 0 0 2c 2 0
Midfrontal cortex 0 0 0 1 1 0
Basal ganglia ND ND ND ND 1 ND
Hippocampus 0 0 0 ND 2 0
Cerebellar cortex 0 0 0 1 0 0
Medulla ND ND ND ND ND 1

Abbreviations and symbols: ND, not done; 0, no infected cells; 1, rare infected cells; 2, small numbers of infected cells; 3, moderate numbers of
infected cells; 4, large numbers of infected cells; 5, extremely large numbers of infected cells.

aDiffuse hybridization present, indicating dendritic cell trapping of virions.
bQuality of short fixation specimen evaluated not satisfactory for proper analysis.
cSIVþ cells in parenchyma, as well as meninges.
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respectively. The Int sequences obtained from each of the CNS
tissues also formed separate compartments from those Int
sequences from the other CNS regions and those from the
lymph nodes (Fig. 7C). There was no significant Int com-
partmentalization noted between the basal ganglia and cere-
bellum or between the axillary and mesenteric lymph nodes.
Int sequences had the weakest level of compartmentalization,
with an average S ratio of 0.70 (range, *0.51 to 0.94).

Phenetic analysis of compartmentalization
of SIVsmmFGb env V1 region, nef, and int
sequences isolated from pigtailed macaque
CNS and lymph node tissues

To bolster the results of the phylogenetic compartmentali-
zation analysis, and provide a degree of quantification, a
Mantel test was used, as described in Materials and Methods,
to analyze the phenetic structure of each two-tissue compar-
ison in each of the experimental animals. Because of the size of

the data sets, the full results, including the Pearson’s corre-
lation coefficients and p values, for the Mantel’s test on the env
V1 region, nef, and int proviral DNA sequences can be found
in Supplementary Tables 2–4, respectively (see http:==www
.liebertonline.com=aid).

As summarized in Table 3, the env V1 region sequences
compartmentalized separately between most of the CNS tis-
sues and both lymph nodes in the majority of the experi-
mental animals. The only exceptions were the env V1 region
sequences obtained from the midfrontal cortex, which did not
compartmentalize separately from either lymph node in most
animals. The env V1 region sequences also did not form sep-
arate compartments between the axillary and mesenteric
lymph nodes in most animals. The compartmentalization of
env V1 region sequences varied between animals, with the
basal ganglia–mesenteric lymph node comparison the only
one in which all animals demonstrated significant compart-
mentalization. For both nef and int, most animals showed
independent compartmentalization of sequences between all

FIG. 3. Comparison of Env V1 region group percentages between tissues harvested from pigtailed macaques 5 or 7 days
postinfection and SIVsmmFGb stock virus. Env V1 amino acid sequences obtained from the SIVsmmFGb stock virus were
aligned and grouped as shown in Fig. 1. Env V1 amino acid sequences from tissues 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 with 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 for (A) axillary
lymph node, (B) basal ganglia, (C) hippocampus, and (D) midfrontal cortex; cerebellum and mesenteric lymph node results
are shown in Supplementary Fig. 1. Tissues indicated by asterisks (***) lack data from PQo1; results are thus the average of
the remaining five animals.
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tissues within the CNS. As with env, nef and int sequences did
not form separate compartments between lymph nodes in
most animals.

dS and dN values for SIVsmmFGb env V1 region,
nef, and int sequences isolated from pigtailed
macaque CNS and lymph node tissues

Although the modified Slatkin–Maddison and Mantel’s
tests suggest compartmentalization of the SIVsmmFGb env
V1 region, and nef and int sequences, left undetermined was
whether this was due to tissue-specific selection or the repli-
cation of limited founder genomes. To test for selective pres-
sure, dS and dN values were determined as described in
Materials and Methods. The env V1 region sequences har-
vested from the experimental animals demonstrated mean dN

values significantly higher than the dS values in all six tissues
(Fig. 8A). While the dS=dN ratio values for the env V1 region
sequences from all six tissues were less than 1 (Fig. 9A), one

fell within the standard error range of the mean dS=dN ratio of
the env V1 region sequences from the midfrontal cortex (Fig.
9A). The nef and int sequences derived from all six experi-
mental tissues had significantly higher dS values than dN

values (Fig. 8B and C), as well as dS=dN ratios greater than 1
(Fig. 9B and C).

Comparing the dN, dS, and dS=dN ratio values between tis-
sues can allow for the analysis of differences in selective
pressure between tissues. While the mean dS values of the env
V1 region sequences obtained from the basal ganglia and
midfrontal cortex did not differ from each other (Fig. 8A and
D), both had mean dS values significantly higher than the
mean dS values of the env V1 region sequences collected from
the axillary lymph node and hippocampus. The mean dS value
of the env V1 region sequences from the basal ganglia was also
found to be significantly higher than those sequences from the
mesenteric lymph node. The highest mean dN value was noted
in env V1 region sequences from the cerebellum. The mean dN

value of midfrontal cortex-derived env V1 region sequences
did not differ from the mean dN value of the lymph node-
derived sequences, but was significantly lower than the mean
dN values of sequences from the other three brain tissues.
Cerebellum-derived nef sequences had the lowest mean dS

value (Fig. 8B and D), although this was not significantly
different from the dS values of nef sequences collected from the
basal ganglia and hippocampus. Mesenteric lymph node-
derived nef sequences had the highest mean dS value, al-
though this value did not differ significantly from the dS value
of nef sequences from the basal ganglia or midfrontal cortex.
The highest mean dS value for int was found in sequences
obtained from the axillary lymph node (Fig. 8C and D). The
next highest mean dS value was for int sequences from the
mesenteric lymph node, although this value was only statis-
tically higher than the dS value for nef sequences obtained
from the midfrontal cortex and hippocampus. Also, basal
ganglia-derived nef sequences were found to have a higher
mean dS value than those sequences collected from the hip-
pocampus. The mean dN values of int sequences from the
cerebellum and mesenteric lymph node were both signifi-
cantly lower than the mean dN values of sequences from the
axillary lymph node and hippocampus.

The highest mean dS=dN ratio values for env V1 regions were
found in sequences derived from the basal ganglia and mid-
frontal cortex (Fig. 9A and D), while the dS=dN ratios of env V1
region sequences obtained from the other four tissues did not
differ from each other significantly. For nef (Fig. 9B and D),
sequences from the cerebellum, hippocampus, and axillary
lymph node had significantly lower mean dS=dN ratio values
than those nef sequences obtained from the basal ganglia,
midfrontal cortex, and mesenteric lymph node. The int se-
quences collected from the hippocampus had a significantly
lower mean dS=dN value than those from the cerebellum and
lymph nodes, while the midfrontal cortex and axillary lymph
node-derived int sequences had lower mean dS=dN values than
those sequences obtained from the mesenteric lymph node.

Discussion

Although prior studies have investigated the pathogenesis
of SIVsmmFGb, this is the first to comprehensively analyze
the genetic characteristics of the virus in the CNS and lymph
nodes of pigtailed macaques during initial tissue seeding.

FIG. 4. Comparison of Nef group percentages between
tissues harvested from pigtailed macaques 5 or 7 days post-
infection and SIVsmmFGb stock virus. Grouping of stock
virus and tissue-derived sequences, as well as statistical
comparisons, were performed as described in Figs. 1 and 3
and Materials and Methods. Statistically significant differ-
ences ( p< 0.05) are noted. Error bars represent 1 standard
error. Results for (A) basal ganglia and (B) midfrontal cortex;
axillary lymph node, cerebellum, hippocampus, and mesen-
teric lymph node results are shown in Supplementary Fig. 2.
Tissues indicated by asterisks (***) lack data from PQo1;
results are thus the average of the remaining five animals.
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Prior research has demonstrated that SIVsmmFGb is a
swarm,42 but the genetic makeup of the quasispecies had yet
to be determined. We analyzed three SIVsmmFGb genes: int,
a highly conserved gene that is resistant to mutations that
impact protein function,6,43 and integrates reverse-transcribed
viral DNA into the host chromosome44; nef, which has been
shown to be involved in HIV and SIV neuropathogen-

esis13,34,45–47; and env, a rapidly evolving and highly variable
gene essential for target cell entry48,49 and with demonstrated
functions in neuropathogenesis.50,51

For env, we focused on the V1 variable loop of gp120,52

a major target of neutralizing antibody48,53 and the pre-
dominant region of SIV env sequence variation.54 Our re-
sults indicate that the Env V1 regions present within our

FIG. 5. Comparison of Int group percentages between tissues harvested from pigtailed macaques 5 or 7 days postinfection
and SIVsmmFGb stock virus. Grouping of stock virus and tissue-derived sequences, as well as statistical comparisons, were
performed as described in Figs. 1 and 3 and Materials and Methods. Statistically significant differences ( p< 0.05) are noted.
Error bars represent 1 standard error. Results are shown for (A) axillary lymph node, (B) basal ganglia, (C) cerebellum, (D)
midfrontal cortex, (E) hippocampus, and (F) mesenteric lymph node. Tissues indicated by asterisks (***) lack data from PQo1;
results are thus the average of the remaining five animals.
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SIVsmmFGb stock virus form four groups, with group 4 being
predominant. Meanwhile, the Int sequences in our stock virus
separate into three groups and the Nef sequences into two,
with group 1 being dominant in both Int and Nef. While we
expected Env V1 region sequences to be the most variable, we
did not expect a greater diversity of Int sequences over Nef.
Using a less stringent method of grouping sequences, such as
lowering bootstrap support required for significant clades, or
basing groupings on visual inspection of phylogenetic trees,
may increase the number of Nef groups, revealing additional
diversity of this gene. Another possibility is considering each
stock virus consensus sequence for each gene to be a sepa-
rate group, rather than aligning them to form supergroups.
However, the resulting number of groups, over 20 for Nef
alone, would have been overly difficult to analyze and rep-
resent clearly. Also, because the SIVsmmFGb stock virus was
grown in peripheral blood mononuclear cell (PBMC) culture,
we would not expect any selective pressure to restrict Int di-
versity or promote Nef diversification.

Given the total number of sequences analyzed, we expect
that our results accurately represent the genetic diversity of
the SIVsmmFGb stock virus. We obtained at least 20 se-
quences from each of 16 different dilutions of the RNA and
DNA templates used for RT-PCR and PCR, for a balance of
statistical significance and feasibility55; few other SIV or HIV
studies have analyzed this volume of data. Template dilutions
were used to minimize the overamplification of common se-
quences, the nonamplification of rare sequences and other
factors in PCR and RT-PCR, which could introduce bias.
While DH10B bacterial subcloning may induce mutations or
select against some genomes, the procedure has been used
extensively and we would expect this bias to be low. Another
potential bias with our protocol is that PCR amplification of
proviral DNA presents a ‘‘history’’ of virus infection: Rather
than only assessing actively replicating virus, any virus that
was capable of reverse transcription and integration will be
amplified, regardless of subsequent replicative fitness. Over
time, replication-competent viruses with selective advantages
should expand more than weak or defective viruses and come
to represent the greatest proportion of the proviral DNA
population. While defective viruses may be sampled in our
procedure, the number of sequences harvested for each tissue
should be significant enough to accurately reflect the proviral
DNA population, of which defective strains would be a very
small part. In addition, we screened all sequences and dis-
carded any clones with in-frame stop codons and frame shift
mutations (all three genes) or insertions and deletions (nef and
int), which were unlikely to code functional proteins. By
not considering these defective sequences in our analysis, we
would expect to screen out most integrated, nonreplicating
genotypes, reducing this potential bias.

Because of the complexity of the SIVsmmFGb stock virus,
some rare genomes may not have been characterized, even
with the amount of sequences collected. However, the
amount of sequencing required to be certain of having char-
acterized the entire quasispecies would be prohibitively dif-
ficult, if not impossible. With the amount of sequences
collected for each gene from the stock virus, we expect
the possibility of missing a rare, important strain to be low.
Using an inoculum composed of a mixture of SIVsmmFGb
molecular clones may have eased subsequent analysis, but
would introduce bias in choosing which molecular clones

FIG. 6. Comparison of sequence group percentages be-
tween brain and lymph node harvested from pigtailed ma-
caques 5 or 7 days postinfection and the SIVsmmFGb stock
virus. Amino acid sequences for all genes obtained from the
SIVsmmFGb stock virus were aligned and grouped as shown
in Fig. 1. Amino acid sequences for (A) Env V1 region, (B)
Nef, and (C) Int from tissues were grouped as described
in Materials and Methods. Statistical analysis, via Mann–
Whitney rank-sum test, was performed as described in
Materials and Methods. Statistically significant differences
( p< 0.05) are noted. Error bars represent 1 standard error.
^Only 19 nef sequences amplified from PQo1 hippocampus;
***data are absent from one or more PQo1 brain tissues; re-
sults are average of the remaining five animals.
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to use and what proportion of the inoculum each clone
would comprise. In that method, rare constituents of the
SIVsmmFGb quasispecies, or sequences that are difficult to
clone, could be artificially unrepresented. A less complex in-
oculum virus could have been used instead, but may not
have been as representative of a highly complex quasispecies
like HIV-1.41,56

We were interested in determining the effect of the initial
seeding of the pigtailed macaque CNS and lymphoid tissues
on the genetic profile of our SIVsmmFGb stock virus. We
believe the SIVsmmFGb quasispecies is representative of
HIV-1 swarms,41,56 and is a strong model of virus seeding that
is unique from studies using single, molecularly cloned iso-
lates. An i.v. inoculation was used as this route of infection is
known to preserve the diversity of an SIV population better
than mucosal infection.57,58 ISH results coincided with our
expectations of highly active viral replication in the lymph
nodes and gastrointestinal tissues, but limited actively rep-
licating virus in the CNS.42 While the low numbers of
SIVsmmFGb RNA-positive cells detected in the CNS may not
be strongly convincing of active infection, our previous

studies led us to expect productive CNS infection at early time
points; even by 5 or 7 d.p.i.4,5,42 In fact, detection of only low
levels of SIVsmmFGb RNA in the CNS confirms that we are
assessing the very earliest stages of initial CNS colonization,
before extensive viral replication and accumulation of muta-
tions, validating our choice of sampling at 5 or 7 d.p.i. As we
expect only limited, diffuse replication of SIVsmmFGb in the
CNS so early in infection, it is possible the samples used for
ISH simply did not contain any productively infected cells or
levels of actively replicating virus were below the threshold of
detection. The isolation of proviral DNA from brain tissues of
most of the experimental animals also confirms SIVsmmFGb
replication in the CNS, despite the lack of ISH support. The
CNS tissues sampled in this study were chosen from ana-
tomical sites known to be important for neuropathogenic
replication in HIV (basal ganglia and hippocampus12,59) and
SIV (cerebellum and midfrontal cortex5,26) infections. The
mesenteric lymph node was chosen from the gut-associated
lymphoid tissues, a major area of SIV replication in early in-
fection,57 while the axillary lymph node was selected to rep-
resent nonintestinal lymphoid tissues.

FIG. 7. Phylogenetic analysis of SIVsmmFGb compartmentalization between tissues harvested from pigtailed macaques 5
or 7 days postinfection. (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. ^Only
19 nef sequences amplified from PQo1 hippocampus; *data are absent from one or more PQo1 brain tissues; results are the
average of the remaining five animals.
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We were unable to amplify some viral genes from three of
the CNS tissues harvested from animal PQo1, which was sa-
crificed 5 d.p.i., when we expected that proviral DNA would
be present in the CNS. PQo1 was noted to have unusually low
numbers of productively infected cells in the lymph node and
gastrointestinal tissues by ISH; similarly reduced levels of
active virus replication in the CNS could explain the diffi-
culty harvesting proviral DNA from those tissues. While
SIVsmmFGb replicates well in most pigtailed macaques,
PQo1 may have been a rare host in which the virus was unable
to initiate rapid dissemination. From both the midfrontal
cortex and cerebellum of PQo1, we were eventually able to
amplify one viral gene but, by the time we were successful,
tissue supplies were exhausted and the remaining two genes
could not be amplified. Although there was no difficulty in
amplifying viral genes from PQq1, which was also sacrificed
5 d.p.i., we chose to sacrificed the remaining four animals at
7 d.p.i., to ensure the virus would have sufficient time to begin
colonization of the CNS and reduce the likelihood of difficulty
harvesting proviral DNA.

The adaptive immune system is not expected to play a role
in host responses to SIVsmmFGb at 5 or 7 d.p.i.. The innate
immune response, while presenting a challenge to virus rep-
lication, would not be expected to specifically target any
subset of the quasispecies. Thus, we suspect that any advan-
tage a gene group has at 5 or 7 d.p.i. is due to some intrinsic
replicative advantage. Our results suggested that there was
selective pressure against Env V1 region group 1 regardless of
tissue, but no significant pressure on the other Env V1 region
groups. In general, changes in the Env V1 region have been
shown to negatively impact SIV replication in macrophages.60

As the Env V1 region is primarily involved in binding CD4,61

it is possible that the Env V1 regions in group 1 possess mu-
tations reducing their capacity to bind CD4. In the CNS,
where the target cells for virus infection are primarily mac-
rophage related and express low levels of CD4, a subset of

viruses with diminished CD4-binding capacity would be
expected to face a disadvantage.62 Unexpectedly, there ap-
peared to be selective pressure against both group 1 and
group 2 Int sequences in all tissues, while selection favored
Int group 3. It is possible that viruses with Int sequences from
groups 1 and 2 may replicate well in the human PBMC tissue
culture used to produce the SIVsmmFGb stock virus but not
in pigtailed macaques, due to species-specific host factors.
Conversely, group 3 Int sequences may have advantageous
changes that improve in vivo replication, although this is un-
likely given the low mutation rate of int,43 and the general
tendency of any mutation to impair protein function. Our
results suggested tissue-specific variation in the fitness of the
two Nef groups in the CNS, but Nef diversity appears to be
largely unaffected by seeding of the pigtailed macaque host.
HIV and SIV naturally trigger apoptotic pathways in infected
cells63,64 but Nef protects cells, including macrophages, from
these deleterious effects.64,65 If a mutation hampering this
function was present in one of the Nef groups, this could lead
to the death of cells infected with those Nefs and limit the
spread of viruses in that group. Similarly, Nef increases virion
infectivity,64 and a Nef group with mutations in this function
may also see reduction in the spread of the virus.

We expected that SIVsmmFGb env, int, and nef sequences
harvested from the CNS would compartmentalize separately
from those obtained from the lymph nodes due to differ-
ences in available target cells. While the lymph nodes provide
ample lymphocytes and macrophages for virus infection,
virus infecting the CNS is largely restricted to replication in
macrophages and related cells.9,27,37,66–68 In addition, while
the peripheral lymphoid tissues may be exposed to infectious
virus in the blood and plasma, the blood–brain barrier (BBB)
minimizes exposure of the brain to cell-free virus, leaving
traffic of infected monocytes or direct BBB infection as the
primary routes of CNS seeding.28,69,70 While HIV and SIV env
genes have been shown to form separate compartments be-
tween the CNS and lymph nodes, and even between CNS
tissues,38,40,71,72 no similar research could be found for int and
nef. We expected nef and int would face the same pressures as
env in terms of target cell availability and restricted seeding of
the CNS. However, we presumed that the reduced variability
of nef and int would limit the compartmentalization of these
two genes. We did not expect to see any of the three genes
form separate compartments between the axillary and mes-
enteric lymph nodes due to similarities in seeding and target
cell availability between these two tissues. We used two un-
ique statistical analyses to test for compartmentalization,
the modified Slatkin–Maddison test and the more stringent
Mantel’s test,38,39,41 in order to strengthen our findings.55 The
results of both statistical tests supported our hypotheses for
env V1 region, except that the Mantel’s test indicated that env
V1 region sequences from the midfrontal cortex did not
compartmentalize independently from those obtained from
the lymph nodes in most animals. This discrepancy may be
due to the different stringencies of the tests; accounting for
standard error, the S ratio values for the midfrontal cortex–
lymph node comparisons in the modified Slatkin–Maddison
test are very close to 1. There may also be similarities be-
tween viruses seeding the midfrontal cortex and those seed-
ing the lymph nodes or the midfrontal cortex and lymph
nodes may exert similar selective pressures on the env V1 re-
gion. We thus concluded that env V1 region sequences from

Table 3. 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 4=5 5=5 5=5
A�C 3=5 6=6 3=5
A�F 2=5 4=5 6=6
A�H 4=6 6=6 6=6
A�M 2=6 2=6 2=6
B�C 4=5 5=5 5=5
B�F 4=5 5=5 5=5
B�H 3=5 5=5 5=5
B�M 5=5 5=5 5=5
C�F 4=5 5=5 5=5
C�H 3=5 6=6 5=5
C�M 3=5 5=6 4=5
F�H 3=5 5=5 6=6
F�M 2=5 5=5 5=6
H�M 5=6 5=6 4=6

Abbreviations: A, axillary lymph node; B, basal ganglia; C, cerebel-
lum; F, midfrontal cortex; H, hippocampus; M, mesenteric lymph
node.

aDue to absence of data from certain PQo1 tissues, some propor-
tions represent results from only the remaining five animals.
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the basal ganglia, cerebellum, and hippocampus formed sep-
arate compartments from each other, the midfrontal cortex,
and the lymph nodes. The results of both statistical analyses
also largely supported our hypotheses for nef. However, nef
sequences from the axillary and mesenteric lymph nodes
formed separate compartments from each other and, in the
modified Slatkin–Maddison test, nef had a greater degree of
compartmentalization overall than the env V1 region. The re-
sults of the more stringent Mantel’s test suggest that nef se-
quences from the lymph nodes do not compartmentalize
separately from each other and, accounting for standard error,
the modified Slatkin–Maddison S ratio value for this com-
parison is close to 1. However, further data will be required to
analyze compartmentalization between these two tissues. We
thus conclude that nef sequences compartmentalize separately
between CNS tissues and between the CNS tissues and the
lymph nodes. The results for int met most of our expectations,
except that sequences derived from the basal ganglia and
cerebellum did not compartmentalize separately from each
other in the modified Slatkin–Maddison test, suggesting

seeding of virus between these tissues or similar selective
pressures on int within these tissues. However, compartmen-
talization of int between the basal ganglia and cerebellum was
detected by Mantel’s test in all animals and the modified
Slatkin–Maddison S ratio value for this comparison is close to
1, accounting for standard error.

There are two likely causes of intertissue compartmentali-
zation of virus gene sequences38,41: First, while host tissues
may all be seeded by the same or similar components of the
quasispecies, selective pressures unique to each tissue may
have different effects on swarm evolution in each tissue. The
second possibility is that tissue seeding represents a genetic
bottleneck for the virus, with a limited subset of the quasis-
pecies forming the founder population that infects a given
tissue. The latter possibility appeared most likely, given the
restricted seeding and diffuse infection of the CNS by
SIVsmmFGb during acute phase,4,5 as well as the lack of an
adaptive immune response at 5 or 7 d.p.i.. Analysis of dS

and dN values for env V1, nef, and int sequences from each
tissue was performed to analyze for the presence of selec-

FIG. 8. dS and dN values for (A) env V1 region, (B) nef, and (C) int sequences isolated from tissues of SIVsmmFGb infected
pigtailed macaques killed 5 or 7 days postinfection. Average dS and dN 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. (D) dS and dN intertissue comparisons, by Mann–
Whitney rank-sum test, for all three genes; statistically significant differences ( p< 0.05) are noted. ^Only 19 nef sequences
amplified from PQo1 hippocampus; ***data are absent from one or more PQo1 brain tissues; results are average of the
remaining five animals.
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tive pressure,73 although such analysis does not completely
rule out the possibility of a founder effect. While the
SIVsmmFGb swarm is primarily CCR5 tropic,42 which should
allow efficient infection of macrophage-related cells in
the CNS,9,27,37,66–68 a small subset of the quasispecies uses
alternate coreceptors. We expected this non-CCR5-tropic
subset would face a selective disadvantage in the CNS and
positive selection would mutate these env V1 regions to CCR5
tropism. The results of our dS=dN tests suggest that env V1
region sequences in all six experimental tissues compart-
mentalized due to positive selection, although results from the
midfrontal cortex were less convincing. Similar dS=dN ratio
values for env V1 sequences from the basal ganglia and mid-
frontal cortex suggest similar selective pressures on the env V1
region in these tissues,. These results also argue against a
founder effect being responsible for env V1 region selection in
at least some of the CNS tissues. With a genetic bottleneck in
the CNS, we would expect to see stronger selection in these
tissues compared with the lymph nodes, but our results in-
dicate the strength of positive selection in the cerebellum and
hippocampus is similar to that in the lymph nodes. However,
the level of active virus replication is much higher in the
lymph nodes than in the CNS, which may result in increased

selective pressure comparable to that of a genetic bottleneck in
the CNS tissues. Significant differences in the env V1 region
mean dS and=or dN values were noted in most comparisons
between tissues, suggesting some functional variance in V1
regions between most tissues.

We expected to find negative selection on nef sequences, as
the product of this gene has multiple, conserved functional
domains.64,74 Results of the dS=dN analysis supported our
hypothesis, as nef sequences appeared to undergo negative
selection in all six tissues. On the basis of the significant dif-
ferences in mean dS=dN ratio values, the hippocampus, cere-
bellum, and axillary lymph node all exert similar selective
pressures on the nef gene. The basal ganglia, midfrontal cor-
tex, and mesenteric lymph node also all exert similar selective
pressures on nef sequences, but these pressures are distinct
from the other trio of tissues. Given that nef sequences from all
the CNS tissues experienced a degree of selective pressure
similar to one of the lymph nodes, this suggests a founder
effect is not responsible for differences in selection between
tissues. As nef is not expected to be under the same evolu-
tionary pressure as the env V1 region, increased levels of virus
replication in the lymph nodes are less likely to obscure a
possible founder effect in the CNS tissues. While we cannot

FIG. 9. Average dS=dN values for (A) env V1 region, (B) nef, and (C) int sequences isolated from tissues of SIVsmmFGb
infected pigtailed macaques killed 5 or 7 days postinfection. Mean dS=dN values for each tissue were determined, and
statistical comparisons were made, as described in Materials and Methods. Error bars represent 1 standard error. (D) dS=dN

ratio intertissue comparisons for env V1 region, nef, and int; statistically significant differences ( p< 0.05), by Mann–Whitney
rank-sum test, noted. ^Only 19 nef sequences amplified from PQo1 hippocampus; ***data are absent from one or more PQo1
brain tissues; results are average of the remaining five animals.
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rule out a founder effect causing negative selection on nef
sequences in the CNS, tissue-specific selective pressures ap-
pear to be a more likely explanation. Significant differences
between the mean dS values of nef sequences in some inter-
tissue comparisons suggest there may be functional differ-
ences between viruses harvested from these tissues. The
mechanism of these functional differences is currently un-
known.

We expected, and our results confirmed, negative selection
of int sequences in all tissues, as the functional importance of
this gene reduces the likelihood of amino acid changes.6,43 As
most genotypes with mutations in int would be expected to be
replication defective, they should be rapidly outcompeted by
those genotypes with a functional version of this gene. Our
results indicated that the effect of negative selection on in-
tegrase in most of the CNS tissues is similar to that in the
lymph nodes, which suggests that a founder effect plays lit-
tle role in int selection. As int would be expected to face very
little selective pressure compared with the env V1 region and
nef, increased levels of virus replication in the lymph nodes
should not obscure a founder effect in the CNS tissues.
However, we cannot rule out a genetic bottleneck on int in the
CNS tissues and, indeed, our results suggest this may be an
important factor on int selection in the hippocampus. On the
basis of differences in the mean dS=dN values of the int se-
quences, tissue-specific selective pressures on this gene ap-
pear to be strongest in the hippocampus, although differences
were also present between the two lymph nodes, and between
the midfrontal cortex and one lymph node. Most of the in-
tertissue comparisons of int sequences had differences in the
mean dS and=or dN value, suggesting some functional differ-
ences between genes from each tissue. However, most of the
differences were between int sequences from the CNS and the
lymph nodes, rather than from one CNS tissue to another.

Our study focused only on the V1 region of env, due to
difficulties we encountered in constructing nested, full-length
sequencing primers for this gene. Once the primers are re-
fined, we will fully sequence env and determine whether the
results for the V1 region represent those for the complete gene.
Alternatively, we will sequence and analyze the other env
variable loops. We are currently analyzing the replication of
SIVsmmFGb viruses, harvested from the experimental tissues
from this study, in primary pigtailed macaque macrophage
cultures. These experiments may help reveal functional dif-
ferences in the env V1 region, nef, and int genes of the
SIVsmmFGb viruses after 5–7 d.p.i. Experiments are also un-
derway analyzing env V1 region, nef, and int sequences har-
vested from SIVsmmFGb-infected pigtailed macaques
sacrificed 2 months postinfection, during the clinically latent
stage of infection. That study will allow analysis of the results
of long-term infection on the genetic diversity of SIVsmmFGb
genes in various CNS and lymphoid tissues, as well as
changes in compartmentalization and selection after onset of
the adaptive immune response.

In summary, our study confirms the quasispecies nature of
the highly neuropathogenic primate lentivirus SIVsmmFGb
and provides valuable characterization of the env V1 region,
nef, and int genes. We have demonstrated that during the
initial acute phase, virus seeding of the CNS and lymph nodes
in the pigtailed macaque host decreases Env V1 region and Int
diversity. We have shown that the SIVsmmFGb env V1 region
forms separate genetic compartments in the CNS tissues

compared with the lymph nodes, partially due to selective
pressure. We have also illustrated that nef and int compart-
mentalize separately in most experimental tissues due to
negative selection. These results with a neuropathogenic SIV
swarm in a primate host provide insight into the seeding of
CNS tissues during the acute stages of lentivirus infection and
may serve as a valuable model of a comparable process in HIV
neuropathogenesis.

Sequence Data

The nucleotide sequences referenced in this study are
available in the GenBank database under the accession
numbers FJ397088–FJ398271 and FJ399865–FJ4022403.
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